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ABSTRACT
There is a current trend in design and construction towards the use of distinct prefabricated components in
the production of buildings. There is also a growing awareness by architects and builders of the
environmental impact caused by the production, operation, and disposal of buildings. Since the industrial
revolution, building materials have tended towards high-energy solutions, as materials of renewable origin
are inherently difficult to manufacture to the tight tolerances demanded from modem design. Additionally,
they are perceived as more susceptible to fire and rot than many synthetic materials. Yet, impending
energy shortages as well as environmental concerns now force us to reconsider if there are ways to use
renewable materials without compromising design. One such material worthy of reconsideration is straw;
which has been used for thousands of years in architecture. Straw refers to the dried stems of grain
bearing grasses, which are often burned or tilled back into the soil after the grain has been harvested. This
paper will survey the current global production of straw and the environmental impact of straw use in
construction. Further, it will identify future opportunities for the use of straw in modern design. Included is a
design for a straw insulation system for commercial architecture. The system is comprised primarily of
straw with a bio-based shell. This insulation system is designed for disassembly from the other building
systems so that these organic materials can return to their natural cycles at the end of the use phase. A
sample design is given to demonstrate its use in construction, and prototypes are built to test the feasibility
of this design. Computer simulations are performed to demonstrate hygro-thermal response of this design
to the climates of Boston, Massachusetts; Minneapolis, Minnesota; and Los Angeles, California.
Preliminary thermal testing of the prototypes qualitatively indicates their effectiveness. The analysis is then
expanded to a discussion of the link between global waste generation, resource consumption, and life
spans of building systems. Finally, a simple method of classifying natural resources is presented which
may help educate future generations to better understand the full ramifications of design and development,
and a life cycle analysis of the designed component is performed using this new classification scheme.
Thesis Supervisor: John E. Fernandez
Title: Assistant Professor of Architecture and Building Technology
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Introduction
This paper attempts to investigate the use of straw in future architectural building systems. In order to
theorize about new systems, a fuller understanding of the material is needed. As straw is composed
primarily of plant fibers, background information on these fibers is presented. Then, the chemical content
of straw is discussed as well as its global geographic distribution. The harvesting process is explained
leading to a life cycle assessment of the straw with embodied energy values given. Current uses of straw in
various architectural systems are then presented. Because straw is a biological material, other bio-based
architectural materials with similar properties, including wood and bamboo, are discussed in detail. Finally
this introduction presents a discussion on the shift in commercial architecture to pre-fabricated, pre-
manufactured building systems, as any successful use of straw as a building material must be compatible
with modern architectural systems.
Background Information on Straw
Straw is a general term for the portion of a plant above the root crown and below the fruit or grain of a
cereal or other crop. Straw therefore refers to the stem and leaves of such plants. The stem is divided
along its length by junctions where the leaves attach. These junctions are called nodes. Between the
nodes are the long intemodes where the plant fibers are long and homogenous, and hence most valuable.
Laflde
Lef she h Let shealh
Node i "
Tiller
Internode LAO
Nodal roots
croMw roots
Ordinary roots
Figure 1 - Plants showing nodes and internodes.1,2
1 International Rice Research Institute, 2003, http://www.riceweb.orq/Plant.htm.
2 Stockmann, 2003, http://www.qoldboard.com/straw/botany.htm.
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General Information on Plant Fibers
Straw refers to the collection of fibers and other cellular material making up the nodes and internodes of
these plants. The fibers in straw are used collectively as stems and leaves in bales and compressed
boards, and are similar to fibers used in products such as paper, rope, fabrics, boards and panels.
Valuable fibers can be found in many parts of plants, including the leaves, fruit, flower, and stem. Fibers
termed bast by the textile industry come from the phloem of plants and include flax, hemp, and kenaf.
While some bast fiber plants are also grown for seed, oil, food, or industrial products; other crops
specifically grown for these purposes generate hundreds of millions of tons of agricultural waste in the form
of straw or other biomass annually. Table 1 delineates the various crops grown for fibers by the location of
the plant in which the fibers are found.
Table 1 - Plants valued for their fibers, grouped by location of fiber within plant.
Bast Fiber Crops Other Stem Fiber Leaf Fiber Crops Seed/Flower Fiber Other Food Crops
Plants Crops (Straw as residue)
Flax Esparto Abaca (Manilla Cotton Oats
(Alfalfa, Hemp)
Spanish Grass)
True Hemp Arundo Sisal (Agave) Kapok Wheat
Kenaf Bagasse (Sugar Bananna Coir (Coconut) Rice
Cane)
Ramie Bamboo Agave -_Rye
Jute Corn -_ - _Hops
- Sabai -_ - _Barley
- Wood -
Useful plant fibers are the cell walls of sclerenchyma cells; cells with thickened secondary cell walls whose
principal functions are support and protection for the plant. Schlerenchyma cells are one of three primary
types of plant cells which all originate from meristematic cells. Meristematic cells are cells actively
undergoing mitosis and cell division; they then develop into the other types of cells. The other two types of
cells, parenchyma and collenchyma are both alive at functional maturity. But, due to the thickened and
hardened cell walls of sclerenchyma cells, they have difficulty maintaining metabolic activity and are dead
at functional maturity. Plant form can thus, in a general sense, be seen as a structural system comprised of
a matrix of parenchyma and collenchyma reinforced by sclerenchyma cells. The photos of cross-sections
of bamboo culms shown in figure 2 illustrate this.
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Moftx of Porerchym. n Coftohymn "ft
Reinforcing Sclerneyma cels
3D View - Fibers show as solid regions3  Transverse sections at different internodes - fibers are darker areas and are
denser towards outside of culm4
Figure 2 - Schlerenchyma reinforced matrix of parenchyma and collenchyma cells in bamboo culms.
Sclerenchyma cells are usually very long and narrow and sometimes have branched ends. The length of
the fiber varies greatly amongst species and by location within the plant. Hemp fibers are 0.5-5.5 cm long,
flax ranges from 0.8-6.9 cm, and ramie can grow fibers up to 55 cm in length.5 Figure 3 shows a tangential
and transverse section of libriform (i.e. phloem) fibers.
b"uls Fber Cetulosic Fibers
nn and erkbte M7t
Tangential Section6  Transverse Section7
Figure 3- Micrographs of sclerenchyma cells (Phloem fibers).
The chemical composition and fine structure of the cell wall determine the hygro-thermal and structural-
mechanical properties of straw and other fibers. The cell wall is built of a lamellar system of microscopic
cellulosic threads and a non cellulosic matrix comprised of lignin, hemicellulose, or other substances.
Cellulose is a polysaccharide made primarily from glucose monomers. Hemicellulose is a polysaccharide
3 International Network for Bamboo and Rattan (INBAR), 2003, Ground Tissue, Cell Types.
http://www.inbar.int/publication/txt/trl8/default2.htm.
4 Ibid; Structure of the Internode, Vascular Bundle, Distribution.
5 Fahn, 1990, pg 91.
6 Mauseth, 2003, Chapter 5 - Sclerenchyma, Libriform Fibers. http://www.esb.utexas.edu/mauseth/weblab/webchap5scler/5.3-
13.htm.
7 Ibid, Chapter 5 - Sclerenchyma, Phloem Fibers. http://www.esb.utexas.edu/mauseth/weblab/webchap5scler/5.3-12.htm.
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as well but has a lower degree of polymerization. Lignin is an amorphous, highly complex polyphenol
made from phenylpropane monomers linked together by ether and carbon to carbon linkages. All plant
lignins consist mainly of three basic building blocks of guaiacyl, syringyl, and p-hydroxphenyl moieties.
Fibrils are composed of about 40 chain-like cellulose molecules arranged in bundles. The bundles are for
the most part crystalline with definite orientation as a result of the structure of the cellulose molecule.
Figure 4 shows the submicroscopic structure of the cell wall.
I- ot 'r Mort C.
Building Blocks of L
Bundles of
microfibrils
2
Primary wall
Secondary wall
Celiose
rnolecule
Elementary fibril
3
Figure 4 - Diagrammatic representation of the submicroscopic structure of the cell wall. 8
As the cell wall grows, the layers of fibrils develop in different orientations and at different densities
resulting in varying mechanical properties. In shorter fibers, the entire cell wall elongates and thickens at
the same rate. While in longer fibers during cellular growth, the cell wall first elongates and then thickens.
This elongation followed by radial thickening occurs gradually enough for the lamellae of fibrils to form
cylinders open at both ends.
8 Fahn, A, 1990, pg 35.
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Chemical Content of Straw
The term fiber from an industrial perspective generally does not refer to individual sclerenchyma cells. As
examples, fibers from bast plants are bundles of cells, and those from monocotyledonous leaves (e.g.
Agave) are usually vascular bundles with surrounding sheaths of fibers. Straw is both the nodes and
internodes of the dead stem of a grain bearing plant and therefore contains multiple types of fiber cells in a
complex arrangement. The chemical content of straw varies amongst species; table 2 shows the chemical
variation in percent dry weight of the major types of straw.
Table 2 - Ranges of chemical composition (%) of various straw fibers.9
Cellulose Lignin Hemi-cellulose Inorganic Ash Silica
Rice 28-48 12-16 23-28 15-20 9-14
Wheat 29-51 16-21 26-32 4.5-9 3-7
Barley 31-45 14-15 24-29 5-7 3-6
Oats 31-48 16-19 27-38 6-8 4-6.5
Rye 35-50 16-19 27-30 2-5 0.5-4
It should be noted that the silica in straw comprises a portion of the inorganic ash. The presence of silica is
a major difference between the chemical content of straw and wood; making it less viable for use as pulp
fiber. The silica dissolves and collects in a pulp mill's water recovery system where it effectively becomes a
waste disposal problem. Additionally, silica melts in high heat and the resulting scaling (formation of glass)
in pipes and boilers hinder it from being burned effectively for power generation. The difficulties that silica
creates in processing will continue to limit the use of straw fibers individually, but the silica can be beneficial
in architectural applications as the silica scale creates a glassy layer of char upon combustion which
suppresses further fire propagation. This helps to explain the two plus hour ASTM E-1 19 fire rating for a
full scale plastered straw bale wall.10
9 Rowell, Rowell, and Han, 2000, pg 118.
10 Fisher, 2003, http://www.cstone.net/edc/edc/sbarticle.htm.
Also, in 1993 fire tests completed in New Mexico showed equally positive results. Two tests were conducted, one on an
unplastered straw bale wall panel and the second on a straw bale wall that had been plastered on the heated side and stuccoed
on the outside. The first test conducted on the unplastered wall section met the standard requirements of exposing the interior
face of the panel to 1,000 degrees F within five minutes and increasing to 1,550 degrees F after thirty minutes. The temperature
rise on the unheated side of the panel was 1.97 degrees F. It took thirty four minutes for the fire to burn through the centre of the
wall, not through the middle of the bale, but at the joint where bales met. This study can be found in Steen, 2000.
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Silica forms as crystals in the stem and generally is most present in crops grown in wet environments (e.g.
rice).11 Another chemical component specific to straw is the presence of a waxy layer on the epidermal
layer of the stem. This directly influences straw's hygroscopic performance.
Major Global Straw Crops
Figure 5 shows the potential annual global availability of straw residue as calculated by averaging data
provided by the FAOSTAT agricultural database for the years 1997-2001 and multiplying by an appropriate
harvest index for each plant.12 The primary straw producing crops are wheat, rice, barley, rye and oats,
each having its own characteristics with respect to growing cycles and physical and mechanical properties.
Annual Global Generation of Straw Residue
800
700
600
500
400
300
200
100
0
33
Wheat Oats
Straw Crop
45
RyeBarley
Figure 5 - Chart of annual global straw generation. 13
Each crop grows in different regions. To give an idea of geographic distribution tables 3-7 list the top twenty
countries for each crop with annual generation of straw given in metric tons (Mt) and as a percent of global
total.
11 Fiber Futures, 2003, Straw, Shapes and Sizes: www.fiberfutures.orq/straw/main pages/03 straw/1 types.html.
12 Harvest index is the percent of above ground biomass that is harvested grain. Straw yield is calculated by the following
equation: SY = P 1 -HI * 0 . 8 ; Sy is Straw Yield, P is the mean value for production of the grain in question,
HI
Hl is the Harvest Index, and 0.8 allows for 20% loss of material. This methodology was inferred from Wilson, 1995.
13 Full chart with data on all major straw crops and countries is included in Appendix A.
579
Rice
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Table 3 - Top twenty wheat straw producing countries.
Rank Country Annual Generation of Wheat Straw (Mt) % of Global Total
1 China 129,607,792 18.22
2 India 84,243,529 11.84
3 United States of America 75,231,860 10.57
4 Russian Federation 44,048,580 6.19
5 France 43,141,440 6.06
6 Canada 29,612,064 4.16
7 Australia 26,796,960 3.77
8 Germany 24,996,544 3.51
9 Turkey 22,716,000 3.19
10 Pakistan 22,376,064 3.15
11 Ukraine 18,820,512 2.65
12 Argentina 18,488,589 2.60
13 United Kingdom 17,671,200 2.48
14 Kazakhstan 11,262,396 1.58
15 Iran, Islamic Rep of 11,102,580 1.56
16 Poland 10,722,345 1.51
17 Italy 8,833,565 1.24
18 Egypt 7,465,814 1.05
19 Romania 6,823,210 0.96
20 Spain 6,611,734 0.93
Table 4 - Top twenty rice straw producing countries.
Rank Country Annual Generation of Rice Straw (Mt) % of Global Total
1 China 190,681,482 32.94
2 India 126,792,709 21.90
3 Indonesia 49,177,166 8.50
4 Bangladesh 33,017,991 5.70
5 Viet Nam 29,825,762 5.15
6 Thailand 23,771,557 4.11
7 Myanmar 18,730,115 3.24
8 Japan 11,417,081 1.97
9 Philippines 11,137,456 1.92
10 Brazil 9,596,782 1.66
11 United States of America 8,669,021 1.50
12 Korea, Republic of 6,954,959 1.20
13 Pakistan 6,883,348 1.19
14 Egypt 5,372,218 0.93
15 Nepal 3,773,478 0.65
16 Cambodia 3,733,311 0.64
17 Nigeria 3,210,240 0.55
18 Sri Lanka 2,645,223 0.46
19 Madagascar 2,393,991 0.41
20 Iran, Islamic Rep of 2,276,345 0.39
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Table 5 - Top twenty barley straw producing countries.
Rank Country Annual Generation of Barley Straw (Mt) % of Global Total
1 Russian Federation 13,493,425 10.73
2 Germany 11,728,105 9.33
3 Canada 11,593,188 9.22
4 France 8,950,570 7.12
5 Spain 8,012,200 6.37
6 Turkey 7,126,809 5.67
7 Ukraine 6,627,120 5.27
8 United Kingdom 6,175,966 4.91
9 United States of America 6,130,546 4.87
10 Australia 5,735,728 4.56
11 Denmark 3,465,383 2.76
12 China 3,177,113 2.53
13 Poland 3,067,594 2.44
14 Iran, Islamic Rep of 1,963,808 1.56
15 Czech Republic 1,869,646 1.49
16 Kazakhstan 1,792,479 1.43
17 Sweden 1,604,560 1.28
18 Finland 1,562,160 1.24
19 Belarus 1,531,163 1.22
20 India 1,376,773 1.09
Table 6 - Top twenty rye straw producing countries
Rank Country Annual Generation of RyeStraw (Mt) % of Global Total
1 Russian Federation 11,079,158 24.89
2 Poland 10,313,480 23.17
3 Germany 9,483,243 21.31
4 Belarus 2,813,966 6.32
5 Ukraine 2,417,102 5.43
6 China 1,430,949 3.21
7 Denmark 761,318 1.71
8 Canada 645,531 1.45
9 Lithuania 629,157 1.41
10 Turkey 497,829 1.12
11 United States of America 487,930 1.10
12 Austria 435,315 0.98
13 Czech Republic 422,438 0.95
14 Spain 393,471 0.88
15 France 346,631 0.78
16 Sweden 323,465 0.73
17 Hungary 234,446 0.53
18 Latvia 224,606 0.50
19 Argentina 196,392 0.44
20 Slovakia 178,051 0.40
17-
Table 7 - Top twenty oat straw producing countries
Rank Country Annual Generation of Oat Straw (Mt) % of Global Total
1 Russian Federation 7,789,543 23.93
2 Canada 4,138,104 12.71
3 United States of America 2,598,192 7.98
4 Australia 1,707,840 5.25
5 Poland 1,665,090 5.12
6 Germany 1,546,268 4.75
7 Finland 1,418,040 4.36
8 Sweden 1,338,576 4.11
9 Ukraine 1,099,272 3.38
10 China 853,440 2.62
11 Spain 813,130 2.50
12 United Kingdom 709,680 2.18
13 France 699,624 2.15
14 Belarus 667,848 2.05
15 Argentina 640,426 1.97
16 Norway 454,741 1.40
17 Romania 441,870 1.36
18 Italy 394,255 1.21
19 Turkey 346,080 1.06
20 Chile 333,708 1.03
Wheat
Wheat is grown for the seeds or kernels found in the head of the plant. It is the largest acreage crop in the
world and is the staple food of 35 percent of the world's population.14 It is the largest straw crop in the
United States. The plant grows to be two to four feet tall with long and narrow leaves as shown in figure 6.
14 Minnesota Department of Agriculture (MDA), 2003, Wheat, http://www.mda.state.mn.us/MAITC/Wheat.PDF.
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Figure 6 - Wheat Pant.15
Wheat is a cool season crop requiring a frost-free period of growth of about 100 days. Growth begins from
about 370F -390F and is optimal around 77*F. There are many varieties of wheat, but they can generally
be classified into two categories, spring wheat and winter wheat. Spring wheat is planted as soon as the
soil is tillable and grows until harvest the following summer or fall, Winter wheat is planted in early fall,
grows 3-4 inches and then goes dormant until the following spring when it begins to grow again until early
summer. Winter wheats are heartier plants, but there is a limit to the severity of climate the plant can
withstand. Winter wheat is not generally grown for food but as a cover crop or "green manure." This
conservation practice can increase soil health by reducing erosion, increasing organic matter, and aiding
with nutrient cycling.16
Rice
Cultivated rice is a semi aquatic annual grass; although in the tropics, it can survive and produce grain as a
perennial. It is grown for the rice grain or seed, which consists of the fruit and the hull. The plant grows to
be between 1.3 and 16.4 feet tall depending on the depth of the water in the rice paddy. The growth cycle
16 Soil Quality Institute, 1996, pg 1.
15 Ibid.
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is divided into the vegetative and reproductive phases and lasts between three and six months depending
on variety and environment.17 Rice straw is the best type of straw for construction purposes due to its high
silica content and long lengths.
The vast majority of the rice straw is generated in Asia and Southeast Asia, and is grown in flooded fields
called paddy-fields for at least part of its growth cycle. Figure 7 shows upland paddy fields in Indonesia.
The plant on the left in figure 1 depicts a rice plant.
Figure 7 - Upland rice paddy fields in Indonesia. 18
Usually the seeds are sown in nurseries and then transplanted after about a month to the paddy in clusters
of seedlings. The fields remain flooded through the vegetative phase and into the reproductive phase. In
flat topographies, the fields are sometimes drained during ripening. After harvest, the fields remain bare
with dry soil until the next rainy season or irrigation of the field.
17 European Space Agency, 2003, htp://esapub.esrin.esa.it/br/brl 28/br1 28L3b.pdf.
18 Ibid.
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Barley
Figure 8 - Barley plant. 19
Barley, shown in figure 8, is grown for three major uses: livestock feed, malting, and human consumption.
The amount of barley used as human food is small and limited to soups, stews, and some types of flour.
As a livestock feed, barley is comparable to com. 20 Barley grows to a height of two to four feet. The
growth cycle of barley is divided into the same phases as rice, vegetative and reproductive. The vegetative
phase includes germination, seedling establishment, tillering, and stem elongation. The minimum
temperature for seed germination is 351F. The reproductive phase includes pollination and kernel
development. The crop is harvested once the grains are mature and dry. Like wheat, barley is often grown
as a winter cover crop.21
Rye and Oats
Rye and Oats are similar to the other grain bearing grasses discusses so far in terms of growth cycle, but
are less widely grown world wide. Like wheat and barley, rye and oats are often grown as a cover crops
and do well in cool climates.
19 MDA, 2003, Barley, http://www.mda.state.mn.us/MAITC/Barley.PDF.
20 Ibid.
21 University of California, Sustainable Agriculture Research and Education Program, 2003, Barley: UC SAREP Cover Crop
Database: Seeding Dates.
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Rye22  Oats23
Figure 9 - Rye and oats plants.
Harvesting Process
Once the grain is harvested, the crop residue (straw) effectively becomes a disposal problem for the
farmer. The smart farmer understands the value of the nutrients in the stalks for soil health and future crop
productivity and utilizes tillage practices to incorporate the straw back into the soil where it is biologically
broken down. Unfortunately, this practice requires a high level of labor and energy and is thus costly. The
simplest disposal method, which has largely been prohibited globally, is to burn the straw on the field.24
This is destructive to the environment in two manners: the soil is depleted of nutrients; and incomplete
combustion results in atmospheric pollution. Somewhere in between these two practices, ecologically
speaking, is the practice of baling and removing the straw. After the seed is harvested, the remaining
stubble must first be swathed. There are a number of machines that can cut the straw stocks at ground
level and place them into consolidating windrows. A swather can cut rows of up to 30 feet wide and can
travel at speeds up to 10 mph. After the straw is swathed, if the cuttings are thin, it will be raked together
into piles to reduce trips for the baler. Before the straw is baled, it must be thoroughly dried. Although farm
22 Department of Primary Industries (DPI), 2003.
23 MDA, 2003, Barley, http://www.mda.state.mn.us/MAITC/Oats.PDF.
24 Fiber Futures, 2003, Straw, Burning, http://www.fiberfutures.orq/straw.
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equipment manufacturers make machines that "fluff' the straw to speed the drying, farmers must sill
coordinate the baling process with dry weather.24 The baler takes loose straw and uses a hydraulic ram to
compact it into bails of pre-determined cross section. The farmer has control over the length dimension
and can set the length at which the ball is tied-off. The cross sectional area of the bale is determined by
the make and model of the baler, and the length can be roughly adjusted in increments of four inches. This
dimension is the width of a "flake" of straw, the amount of straw compressed by each cycle of the hydraulic
ram.
Figure 10 - Typical straw bale dimensions.2s
The density of the straw bale is dependent on the hydraulic pressure which depends on the make and
model of the baler. Some balers can eject the bales into a hay wagon, while other balers leave the bales
on the field for subsequent collection by hay wagon. Figure 11 shows a number of the above mentioned
farm equipment.
25Wilson, 1995.
24 Kolakoski, 2002.
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Cutter
Rakes
Balers
Hay Wagon
Figure 11 - Farm equipment used in the production of straw bales.6
Straw is usually only baled in regions where the commodity created is in demand, and the farmer should
weigh the immediate income from the straw against the long term health of the soil.27 In this regard, the
data given in tables 3-7 should not be seen as the total amount of straw available for use in industrial
applications. Yet, in wetter regions with low to moderate slope and healthy soil, straw removal can have
little effect on soil health.
Regardless of the eventual market for straw, it must be stored in a dry location until being transported to the
next phase of its life cycle.
26 New Holland Company, 2003, Products, Haying Equipment.
27 Fiber Futures, 2003, Straw, Utilization, Soil Effects.
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Embodied Energy of Straw
There are few published numbers for the embodied energy of straw through the baling process, but a
widely accepted value is 112,500 Btu/ton. 28 This is one measure of environmental impact, but since it
ignores the potential nutrient depletion of the soil should not be seen as the only metric of "sustainability."
The carbon in the stalk of the plant comes from the CO2 in the atmosphere during photosynthesis, so straw
in its raw form is carbon neutral. The low density of straw in its natural form leads to a relatively high
transport cost; therefore any manufacturing plants using straw should be located near the source.
Environmental Building News estimates that straw can only be shipped 18-20 miles before shipping costs
become a major economic obstacle.29
Current Architectural Applications
Table 8 lists the current and future markets for straw, of these markets, panel boards and straw bale
insulation have the most immediate potential for architectural applications. Using straw as the reinforcing
fibers in bio-composites also holds some promise, and it will be discussed later in the introduction.
Table 8 - Markets for straw.30
Pulp & Paper
Panel Board
Power (Combustion)
Fuels
Animal feed
Straw Bale Insulation
Composite materials
Soil Amendments (Erosion Control)
28 This energy accounts for the fuel used by the farm equipment in the harvesting process described above. According to Steen,
Steen, Bainbridge, 1994, found in Ostrowski, 2003. In chapter 3 - Advantages: Environmental, Economic, Political &
Architectural, they estimate a value 1.92 times Steen's number. Regardless of exact number, it is orders of magnitude lower
than many other types of insulation. This will be presented thoroughly later in this paper.
29 Wilson, 1995: "Because baled straw is a low-density material, shipping costs are high--both in dollars and environmental
impact (primarily from fuel consumption). Will Maertens, an architect and principal of AltMatTec told EBN that shipping distances
are a major determinant of the economic viability of manufacturing panel products, no matter what the raw material is. Wood
pulp, with a density of 15-20 lb/ft3 (240-320 kg/m 3), can be cost-effectively shipped up to about 40 miles to a manufacturing plant,
he said. Straw, which has a density of about 8.4 lb/ft3 (134 kg/m 3), can only be shipped 18-20 miles (29-32 km) before shipping
costs become a major economic obstacle."
30 Ibid, Straw, Markets.
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Straw Panels
Straw panel boards have been talked about since at least 1869.31 There are many types of straw panels
either on the market today or on the verge of being introduced to the building industry. The panels already
established make use of technology patented in the 1940's by the Stramit Company.32  This technology
makes use of an interesting property of straw: when compressed at high temperature (about 390*F or
200*C), the straw fibers bond weakly together without any adhesives. This is a result of the straw and its
waxy surface reforming and setting into a new configuration. These panels range in thickness from 2" to 4"
(50 to 100 mm) and are faced with heavy-weight kraft paper which uses an adhesive. They are used
primarily for interior applications, although people have tried to introduce structural insulated panels with a
Stramit-type core without market success. Affordable Building Systems makes an interior partition wall
board based on this technology.33
The other type of straw panel uses the fibers in a denser arrangement so it performs more like plywood.
These boards are roughly 90 percent straw fiber with the balance being made up by varying binders,
waxes, and other additives.34 These straw panels are more moisture resistant and have higher thermal
resistance than Stramit-style panels and similar wood based panels. They can also be made to varying
densities. The first step in the board manufacturing process is to break the bales by removing the twine.35
Then the straw is chopped into 1-2 inch lengths. This is done by machines that can process up to 1000
pounds of straw per minute. From there the chopped straw is placed in holding bins where it is exposed to
31 Anonymous, 1869.
32 Wilson, 1995.
33 Affordable Building Systems has developed a product called Prestowall. More information can be found at their website:
"Prestowall panels have been designed to replace the standard drywall and lumber construction process for both the residential
and commercial markets. Wheat straw is transported from within a 50-mile radius of the plant. Through a manufacturing process
that is free of chemicals and produces no toxic waste, Prestowall panels are extruded with heat and pressure to create a high-
density, durable, and fire-resistant product. The natural resins of the wheat create an extremely strong panel that can withstand a
heavy impact (a 4' by 8' panel weighs 120 lbs.) The panel is naturally fire resistant due to the compactness of the straw, and has
excellent sound insulation. The panels are finished by applying a recycled, moisture-absorbent liner board suitable for the
application of wallpaper, paint or other finishes. Prestowall panels are manufactured for a Class A fire rating for commercial use,
Class B fire rating for residential use, and to meet ICBO standards. Prestowall panels are manufactured to meet the needs of
each project. Each panel comes standard in a 4-foot width, and can be produced in any length up to 16 feet. The panels are 2
1/4" thick, and are tapered at the vertical edges to 2". The vertical edges of the panels are slotted to allow the insertion of biscuit
connector disks. Screws through the disks will lock adjoining panels together. Prestowall panels have two 3/4" pre-formed
electrical channels per panel, 6" from each long edge. The electrical wiring is easily installed after the wall run is completed."
34 Stockmann, 2003, products, http://www.goldboard.com/products/products.htm.
35 [bid, Process, Process Steps. http://www.qoldboard.com/process/steps.htm.
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steam which softens the fibers and degrades the straw's natural waxes. The straw is then screw fed
between two steel discs in a machine called a hammer-mill which effectively rips the straw segments apart
leading to a higher degree of fiberization. These smaller fibers are then sorted by length. The smallest,
which are highest in silica, are used for energy generation (combustion in a specialized boiler). Of the
remaining fibers, the longer ones are used in the core of the straw board, and the shorter ones are used in
the face surfaces. After the fibers are separated, they are stored until they are fed into machines, termed
refiners, which modify them into slender fiber bundles using mechanical energy and water. They are then
dried in a machine termed a blowline, where binders, wax, and other additives can be added to the fiber
bundles directly. After the bundles are dried, further additives are mixed in and the fiber bundles are sent
to the former. The three layers are put down (face-core-face) in wide ribbons. This form is then put
through a multi-stage pressing process at elevated temperatures and pressures. Density of the final
product can theoretically be controlled at this stage. The boards are then stored until cool, sanded, cut and
inspected for quality before being shipped.
The properties of the layers vary depending on the type of binder used. The thicker inner core layer of the
straw board is bonded using methylene diphenyl diisocyanate (MDI), while the outer faces are made with
formaldehyde based resins.36 MDI is a thermoset polymer with cross linked bonds between its own
monomeric bonds. It also forms a strong stable bond with the straw surface. MDI bonds so well, it will even
bond to metal. 37 The water naturally occurring in the straw triggers the curing process imparting to straw
board its inherent moisture resistance. MDI is derived principally from benzene, and has been shown to be
a respiratory sensitizer causing asthma-like symptoms especially effecting workers involved in the
manufacture of products containing MDI. The use of MDI results in panels that are far more durable than
those made strictly with less expensive formaldehyde binders. These binders are sometimes used in the
faces of the straw board so that the straw board does not stick to the metal plates in the press.
Formaldehyde based resins will off-gas a certain amount of volatile organic compounds, which are known
to be irritants, while MDI will not.
36 Urea-formaldehyde, melamine-formaldehyde (MF), and phenol-formaldehyde (PF) resins are widely used in engineered wood.
UF is the weakest with the poorest durability when exposed to moisture, MF is stronger with medium durability, and PF is the
strongest with the best durability. Cost varies with performance.
37 Stockmann, 2003, Products, Gluing, http://www.goldboard.com/products/luing.htm.
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These highly engineered straw panels are the only example of a current straw technology offering the
possibility of the stream-lined, tectonic look so often desired by modem designers. Historically straw
construction has been limited to methods requiring large amounts of construction labor, and limited to
indigenous and vernacular buildings. Thatched roofs, and natural fiber reinforced earth and straw bale
walls are crafts that can produce beautiful organic looking results, yet their drawbacks limit their acceptance
into the commercial building sector.
Thatch
Thatching is an effective, attractive, and environmentally strong construction for roofs and can be made
from bundles of many plants, including all types of straw. Figure 12 shows a thatched roof built near
Austin, Texas.
Figure 12 - Residence with thatched roof and cob wall construction. 38
Bundles of thatch must be tied to roof battens that are fixed directly to the rafters. Thatched roofs provide
good insulation and do not require additional waterproofing, but will require regular fireproofing, inspection,
and maintenance.
Natural Fiber Reinforced Earth Construction
Wattle and daub, and cob construction can be classified more generally as a natural fiber reinforced earth
construction. 50% of the world's population still lives in some form of earth construction. 39 In cob
39 Easton, 1996, pg 3.
38 Safari Thatch and Bamboo Inc., 2003.
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construction, clayey soils are mixed with straw or other natural fibers and laid up on top of one another into
a free-standing wall. Once the wet lumps of clay begin to dry, they are shaved into a straight surface.
Wattle and daub construction is clayey earth mixed with straw and applied to a wooden lathe. This was the
traditional way to close-in a timber frame, and like thatched roofs, was widely practiced in Europe prior to
the industrial revolution. Figure 13 shows the construction process for a wattle and daub wall.
The wooden lathe (wattle). Mixing straw with earth (daub).
Applying the daub to the wattle. The first story is complete (notice the thatch roof
as well).
Figure 13- Wattle and daub construction. 40
Straw Bale Construction
The application for straw which has undergone a recent revival in this country is the use of straw bales
directly as structure and/or insulation. This practice was started in Nebraska in the late 1800's by settlers
with an excess of straw and a limited amount of other building materials. It survives relatively unchanged
today.41 Rectangular bales are stacked in courses and reinforced either by pins driven through them or an
exterior light-weight frame work. Walls are stacked to full height and in structural applications are
precompressed by one of a number of different methods. This compression is important to reduce the
amount of settling of the bales. The bales are held in this state of compression, and some sort of render is
applied to the inside and outside of the wall. This render is often a plaster applied over a metal lathe, or
40Weald and Downiand Open Air Museum, 2003.
45Wilson, 1995.
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some sort of earth render with fragments of natural fiber reinforcement. Regardless of which method is
used, the surface must be checked often for developing cracks. Moisture and subsequent rot of the straw
is a significant failure mode for straw bale construction. There is no rain screen inherent to this
construction methodology, so any developing cracks in the outer skin can offer a penetration root for
moisture into the straw. Additionally, the courses of straw bales must be detailed carefully (especially
around corners, doors, and windows) to ensure a good air barrier, or ex-filtrating warm moist air can
condense on the straw. This can be difficult due to the non-uniform dimension of the bales of straw. Straw
bale buildings often have large roof overhangs and are seated high off the ground to protect the straw from
moisture. Installing climate specific vapor barrier details is also important as any moisture that gets into the
straw should have a mode of escape. Provided the moisture content of the bales stays below 20%, they
should last the life of the building. Animal infestation can be limited by specifying seed free bales (from
winter cover crops, harvested before seeds form) and detailing to avoid cracks or other modes of entry into
the wall for vermin. As discussed earlier, straw is naturally resistant to flame propagation due its silica
content. A carefully plastered wall should afford adequate protection. The R-value of straw has been
reported to be as high as R 3/inch, but is now thought to be around R 1.5/inch.42 In traditional straw bale
construction there can also be benefit from the large amount of thermal mass in the walls. Construction of
these buildings must be carefully planned and coordinated with the seasonal weather so that the bales
remain dry at all times. Straw bale construction is beginning to gain acceptance, particularly in the
residential building sector in regions with a dry climate, but will remain a vernacular technique due to the
high amount of site labor during construction and the high level of maintenance required to inspect and
repair cracks over the life of the building.
42 The latest Oak Ridge National Lab full wall test in their guarded hot-box testing apparatus is R 1.45/inch. This is the value for
the full plastered wall. Numerous other experiments have been performed with results varying widely, both above and below the
R 1.45/inch, but the ORNL value is the most widely accepted, although how the R value varies with straw density has not been
studied. A table of values from a number of experiments is given in Appendix B.
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Figure 14 - Images of typical straw bale construction methodology. 43
43Richards, 2000.
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Figure 15 - Section of typical straw bale construction.4
"Swearingen, 2003. The rigid insulation is often replaced with gravel as it drains moisture better and protects the lowest course
of bales. The Tyvek is often omitted and natural fiber reinforced earth renders can replace the plaster and wire lath in some
climates. The threaded rod is often replaced with bamboo or other reinforcing structure, but a method of precompression must
be designed into the wall.
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Other Bio-based Architectural Materials
Composite materials are becoming more and more popular as they offer a wider range of performance.
Straw panels are a good example of this as the MDI imparts higher strength and better moisture resistance
to the straw. In the future, if limitations on waste disposal methodologies force the organic and inorganic
waste streams to separate, composites based on 100% biological materials will become common. The
next section of this introduction profiles a number of emerging or established building materials of
renewable origin which will be used in these biocomposites.
Biopolymers
Organic polymers produced by plants, animals, or microorganisms through biochemical reactions are
classified as biopolymers. The chemical backbone of biopolymers can contain carbon and nitrogen atoms,
while synthetic (fossil fuel based) polymers have only carbon-carbon single bonds in their backbone. When
these biopolymers are combined with plasticizers and/or other additives of natural origin, the result can truly
be considered a bioplastic. Fibers and elastomers can also be made from biopolymers. Bioplastics can
degrade in a number of ways:
1. Hydrolytically- degradation from hydrolysis
2. Oxidatively - degradation from oxidation
3. Photo - degradation from exposure to UV radiation
4. Biodegradation - degradation as a result of enzymatic reactions brought about by
microorganisms
5. Compostability - includes biodegradation, but is expanded to include the action of macro
organisms, and requires the finished product to be C02, H20, and non-toxic inorganic
compound.
Bioplastics can be produced and disposed of in ways that are more environmentally sensitive than plastics
made from fossil fuel feedstock.45 This result, and the fact that fossil fuel resources are essentially finite,
supports the idea that bioplastics will be a key part of any sustainable future.
45Kurdikar, et al, 2001, pg 107.
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There are a number of different bioplastics either being produced or in development, but it is important first
to understand the different biopolymers from which they are made. Polymers are a class of "giant"
molecules consisting of discrete building blocks (monomers) linked together to form long chains. The
following polymers are found directly in nature.
1. Polysaccharides (carbohydrates) - made from monomers of simple sugars. Their functions
include structural materials in plants (cellulose), algae (carrageenan), and some higher
organisms (chitin); energy storage (starch); molecular recognition (blood types); and bacterial
and fungal secretions (xanthan and pullulan gum).
2. Polyphenols - made from phenol monomers. Their functions are structural in plants (lignin),
soil structure (peat), and plant defense mechanisms (tannins).
3. Proteins - polymers formed by the condensation polymerization of alpha-amino acids. Their
functions include catalysts (enzymes), structural materials (wool, leather, silk, hair, connective
tissue), hormones (insulin), and toxins. Animal proteins are collagen, elastin, casein, whey, and
keratin. Plant proteins include soy protein, zein (corn), wheat gluten, and potato proteins.
4. Polyhydroxyalkanoates (PHAs) - polymers of fatty acids monomers. Bacteria produce PHAs
as an energy storage granule in their cytoplasm when carbon is in excess but some other
nutrient restricts growth.
5. Nucleic Acids - polymers of nucleotides. These carry genetic information (DNA & RNA) in all
organisms.
In addition to the five natural polymers listed above, there are two types of polymers that can be chemically
polymerized from biological starting materials.
1. Polylactides - polymers synthesized from lactic acid. L-lactic acid monomers are produced in
the fermentation of various agricultural wastes (glucose and hexose). These can then be
polymerized into high or low molecular weight polylactide polymers (PLA) through chemical
condensation and thermal treatment.
2. Polyamino Acids - produced by chemical polymerization of amino acid monomers. Different
polyamino acids are non-immunogenic and have different levels of hydrophobicity, which make
them ideal for drug delivery. Polyaspartes (from aspartic acid), have unique mineralization and
ionic properties, which gives them antiscalant and anticorrosive properties.
Many of the above polymers have been utilized in the creation of bioplastics as demonstrated in figure 16.
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Examplel
Company Name
Cargill Dow - Nature
Works@
Fermentation,
condensation, and
distillation process.
Metabolix
Developer of plastics via
genetic engineering
techniques. Recently
secured $15M from EPA to
develop plastic directly in
plant tissue.
Tecnaro - Arbofrom@
Utilizes lignin, which is
currently separated and
burned for energy during
processing of wood for
paper.
Biotec- Bioplast@
- Generally water soluble.
Products
Fibers
Packaging
Packaging
Adhesives
Fibers
Paints
Consumer durables
Automotive interior
Toys
Construction materials
Furniture industry
Consumer durables
Garden supplies
Electronic boards
Disposable cutlery
Agricultural films Garden
supplies
Figure 16 - Biopolymers used in production of bioplastics.46
Bioplastics have a rich history, but have not been able to compete with plastics of fossil fuel origin in terms
of cost and material properties. Plastics are made from polymers and additives called plasticizers, which
impart flexibility or other properties to the finished solid material. Plastics are either thermoplastic or
thermoset. 90% of plastic today is thermoplastic, which means that melting processes can repeatedly
reform it. Thermoset plastics are substantially infusible and insoluble once set. Durability has been a major
selling point for plastics made from polymers of fossil fuel origin as they do not easily break down, but this
has unfortunately resulted in a waste problem requiring infrastructure of landfill and recycling centers.
The current research in the field of bio-plastics holds much promise as the solution, and plastics with
engineered properties will gain a larger foothold in the market as we make the switch to using renewable
resources. www.biopolymer.net is an excellent resource for anyone interested in biologically based
46 Images from respective websites which can be linked to from Biopolymer.net All companies' contacts are listed in the
bibliography.
Polymer I
PLA
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Starch
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plastics. Embodied energy numbers for these materials are not available as much of the research in this
field is proprietary, although it is believed that eventually processing energy could be brought down to an
economically feasible level for mass implementation. 47 Bioplastics can be made with varying water
solubility, mechanical, biodegradability (time required), and vapor permeability characteristics.
Currently the most interesting line of this research is the use of genetic engineering to produce proteins
(enzymes) directly by modifying the DNA from which they are coded (recombinant DNA techniques) and
other polymers by manipulating these catalysts, which are in turn responsible for the production and
polymerization of monomers. 48 This is known as metabolic pathway engineering (see figure 17) and
Metabolix is the company leading the way. These techniques are used to modify organisms so that they
produce greater quantities of polymers with different properties, and also to transfer genes into new host
organisms that can produce novel materials with specific properties.
DNA RNA Protein
Slop mer mduc
Figure 17 - Metabolic pathway engineering. 49
47 Gerngross, 1999, pg 543.
48 This is also the most environmentally and ethically debatable line of research.
49 Metabolix, 2003, Where Nature Performs", Biotechnology Foundation, Overview.
http://www.metabolix.com/biotechnology"%20foundation/biotechnologyfoundation.html.
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Metabolix has developed a process where they can feed carbohydrates to genetically engineered bacteria.
These bacteria can convert carbohydrates into the PHA (polyhydroxyalkanoate) polymers directly, as
shown in figure 18.
Figure 18 - Polymer growth inside bacteria. s0
Although many recombinant DNA techniques have been successfully used to produce PHA in microbes,
the most exciting aspect of the biopolymer field is the production of the PHA in genetically modified plants
utilizing photosynthesis directly. This cuts out an expensive part of the material production cycle and has
been successfully demonstrated, but the percent mass of the plant containing the PHA is not yet high
enough to be economically viable. Figure 19 shows the life cycle of PHAs schematically.
Figure 19 - The PHA cycle developed by Metabolix. 51
50 Ibid; Biotechnology Foundation, Fermentation.
51 Ibid.
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After use, the PHA plastic products are not water-soluble but can be recycled, hydrolyzed, or allowed to
biodegrade in a composting facility giving off carbon dioxide and water. Biodegradation completes the
environmental loop by releasing the same amount of carbon dioxide that was originally fixed during
photosynthesis. The PHA plastics have a wide range of industrially useful properties, which will allow them
to be used in both performance and commodity applications. At one end of the property range, the plastics
are semi-crystalline with properties similar to polypropylene. At the other end of the range, the PHAs are
elastomeric--similar to natural rubber. The PHA plastics can be extruded into films, molded, and coated
onto other substrates, using conventional processing equipment. In addition, the PHAs can be prepared
either in a latex form, or as dry powders ready for melt processing.52
Bio-plastics in Building Systems
The embodied energy of these bioplastics may still be high, but their environmental profile will surely by
better as the feedstock utilized is from non-toxic renewable resources. Already building systems are being
designed using bio-plastics: Cargill Dow's Nature WorksTM PLA is a fiber made from natural resins that will
have applications in carpets and other fabrics. It is an extremely new technology and it may take several
years before applications in architectural systems can be developed. Cargill Dow is not currently pursuing
applications outside of already identified markets, but is optimistic about expanding its applications in the
future. Other companies are researching and developing plastics derived from renewable sources, and it is
hoped that they will be interested in investigating architectural applications.
It is believed that there are numerous other applications for systems involving bioplastics. These new bio-
plastics may be combined with natural fibers and other natural materials to create 100% compostable
systems. The other natural fibers are profiled next. In the demolition of a building, these systems can be
disposed of in a non-toxic manner that returns the carbon to the soil where it is reused for new growth.
52 Ibid, Metabolix Brochure. http://www.metabolix.com/resources/brochure.pdf.
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Trees (wood)
Wood probably has the widest applications in the history of architecture of all plants. Wood is used as
timber and lumber in frames, as plywood for sheathing, as panels for interiors, as boards for floors, as
shingles and other types of cladding, and as paper products including cellulose insulation. Timbers can
even be used as foundations for buildings of limited life spans. Wood tar, vinegar, linoleum, cork, and other
derivates are also of use in traditional construction, although today they have mostly been replaced with
materials of non-renewable origin.
Wood is the structure of all trees. It is roughly 60% cellulose, 28% lignin, and 12% hemicelluloses and
other materials.53 Cellulose makes up the fibers and the lignin bonds the fibers together54. Wood is used
in two basic ways, as fuel for energy (48% of global consumption) and as material for industry (52%).55
F6Figure 20 - Classification of wood usage:
Table 9 presents the average annual wood production as compiled by the World Resources Institute based
on data available from the United Nations Food and Agricultural Organization.
53 Anonymous, 2003.
54 Bungay, 1996.
55 World Resources Institute (WRI), 2000, Table FG.3: Wood Production and Trade.
56 Bowe, 2001, pg 1.
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Table 9 - Average annual wood production.57
% of Industrial % of Engineered % of Paper and % of
Region Woodfuel World Round- World Wood World Pulp- Worldk(m3) Total wood Total Panels Total board Totalk(m3) k(m3) k(m3)
Asia (Excluding 863,316 22.39 268,470 6.96 39,057 1.01 125,430 3.25Middle East)
Europe 92,609 2.40 394,704 10.24 48,023 1.25 132,659 3.44
Middle East & 25,620 0.66 18,474 0.48 2,978 0.08 3,538 0.09NorthAfrica 
______
Sub-Saharan 445,783 11.56 66,709 1.73 1,630 0.04 3,509 0.09
North America 79,960 2.07 599,774 15.56 50,958 1.32 148,802 3.86
Central
America & 59,230 1.54 11,743 0.30 715 0.02 5,715 0.15
Caribbean
South America 167,017 4.33 129,740 3.37 5,373 0.14 14,818 0.38
Oceana 8,529 0.22 32,503 0.84 2,657 0.07 5,016 0.13
World 1,742,064 45.19 1,522,117 39.48 151,391 3.93 439,488 11.40
Figures 21 and 22 present the data from table 9 in graphic form.
57 Information taken from Table FG.3: Wood Production and Trade." WRI. The values for paper and pulpboard were converted
from tones to m3 by multiplying by 386/422 which is the global average for 1/density (m3/tones) of woody biomass as given in the
FRA MainReport 2000, pg 19, 20. This factor may be off depending on forest type as tropical forests generally have a greater
amount of woody biomass per unit area than temperate or boreal forests. For more on this see the FRA 2000 report by the FAO
part 1.2. The conversion assumes that 60% of the biomass (the cellulose) was converted to paper or paperboard.
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Figure 21 - Annual wood production by region.
Global Average Annual Wood Production by
End Use
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Figure 22 - Average annual global wood production divided by end use.
It should be noted that the majority of the fuel wood production and consumption is from developing areas.
While the developed countries utilize their resource more for lumber, wood based panels, and paper
products. Figure 23 presents the comparison between developed and developing countries. It has been
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reasoned that this use distribution is a result of the geographic locale of other sources of energy5s, as well
as the fact that developing urban areas further refine wood into charcoal losing approximately 2/3 of the
energy in the process 59 (although charcoal stoves tend to bum more efficiently than traditional wood
stoves).
Comparing Annual Wood Production of Developed vs
Developing Countries
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Figure 23 - Comparison of wood production in developing and developed countries.
As thousands of different species of trees have evolved to survive in various global environments the
properties of wood are just as varied. Trees, however, are broadly classified into deciduous and coniferous
(evergreen), also known as broad-leaf and needle-leaf, hardwood and softwood. It should be noted that
some softwoods are stronger than some hardwoods so these terms can be confusing. These
classifications usually follow the scientific classification, which differentiates by seed type, of angiosperm
(hardwood) and gymnosperm (softwood). Gymnosperms precede angiosperms from an evolutionary point
58 World Energy Council, 1999, pg 24.
s9 Regional Wood Energy Development Programme in Asia (RWEDPA)., 2003,
http://www.rwedp.orq/i conversion.htm#charcoal.
60 WRI, 2000, Table FG.3: Wood Production and Trade.
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of view, which helps explain the difference in structure between the two. Softwoods have a relatively
simple microstructure leading to a straight grain while the complex microstructure of hardwoods results in
grain with interesting (and often quite beautiful) patterns.61
Mechanical Properties
Wood is an orthotropic material; that is, it has unique and independent mechanical properties in the
directions of three mutually perpendicular axes: longitudinal, radial, and tangential,62 yet some properties
are more important with respect to a particular axis. For example, the modulus of elasticity is most
commonly given with respect to the longitudinal axis, because this is the manner in which wood carries
structural loading. The mechanical properties of wood vary widely throughout the species, but generally
speaking it is strong and stiff and the least dense of all major structural materials.63 Table 10 shows values
for Young's modulus (E), density (p), the coefficient of thermal expansion (a), the ultimate tensile
strength (UTS) and ultimate compressive strength (UCS) for wood, steel and concrete. It should be noted
that these values are not to be considered exact for any of the given materials as they vary depending on
exact type used. The wood values are for dry Eastern White Pine.
Table 10 - General mechanical properties of structural materials. 64,65
E (N/m2) p (kg/m 3) a (oC-1) UTS (N/m2) UCS (N/m2)
Wood 1.20E+10 550 4.00E-06 6.00E+07 3.40E+07
Steel 2.07E+11 7850 1.10E-05 6.50E+08 N/A66
Concrete 1.38E+10 2400 1.10E-05 0.OOE+00 3.00E+07
61 Allen, 1999, pg. 68.
62 United States Department of Agriculture, 1999, Chapter 4, pg 1.
63 Allen, 1999, pg 66.
64 Values for wood properties come from Forest World, 2001, Woods of the World Pro CD, for Eastern White Pine, although the
mechanical properties of wood vary widely with species.
65 Values for steel and concrete are given in Fenner, 1989, Appendix A.
66 Steel will behave plastically before it breaks due to shear failure.
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Woods are valued for their strength and stiffness in all three directions, as well as shock absorption,
hardness, natural acoustical properties (resonance frequencies), abrasion resistance (weathering), and
aesthetic qualities.
Enzymatic Degradation
As wood is a biological material, it is vulnerable to biological degradation from bacteria and fungi as well as
attack from insects and other boring animals. This type of action is accelerated when wood is allowed to
remain moist, although if wood is kept in a low oxygen environment (e.g. completely submerged),
degradation is slowed. Also different species of wood have better inherent rot resistances making these
woods valuable for exposed applications (e.g. red cedar).
Current application in architecture
The principal use of hardwood lumber is for remanufacture into furniture and cabinets, or direct use as
flooring, paneling, moulding, and millwork, although it certainly can be used as structural material.
Softwood lumber is primarily used for structure, but is also used as trim, siding, flooring, ceiling, paneling,
casing, stepping, and furniture. Plywood and other wood based panels are frequently used as sheathing,
roof, and floor decking. Glulams (glued laminated timber) are a stress-rated engineered wood product
comprised of wood laminations that are bonded together with strong, waterproof adhesives and used
structurally. Glulam components can be a variety of species, and individual "lams" are typically two inches
or less in thickness 67.
Geographical Distribution
Trees grow in forests and woodlands, which are large ecosystems that can be broadly classified as tropical
and non-tropical. As shown in Figure 24, forests and woodlands make up 32% of the global land area, with
the balance made from cropland, pasture, and developed and other lands. Figure 25 shows the global
geographic distribution of the various types of forests
67 APA- The Enginnered Wood Association, 2003.
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Figure 24 - Global distribution of land area (1994).68
Figure 25 - Map of original and current forest area. 69
Although some gymnosperms do grow in tropical regions, they are more generally found in higher latitudes
while angiosperms are more confined to temperate and tropical regions.
68 WRI, 1998, Table 11.4: Land Area and Use, 1982-1994.
69 Harrison & Pearce, 2000, pg 128-129.
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Environmental concern
In considering the state of the world's forests, we can compare the land area to the original land area of
forest cover, which occurred some time after the last ice age, or approximately 6000 years ago. Almost
75% of that original area is currently forested, although only 53% of it is old growth, with the balance belong
to area that was cleared but is in a stage of re-growth or management. 70 Forest ecosystems are valuable
not just for their wood products, but for the biological diversity they contain as well as the part they play in
the global carbon and water cycles. The majority of the global forest area that is being lost is in tropical,
developing countries. Much of this loss is to make land for agricultural crops and livestock as well as to
supply fuel wood. The only way to be 100% certain that the wood products used are environmentally
sensible is to use certified wood products. But with only 0.5% of the world's forest currently certified by a
Forest Stewardship Council accredited certification body 71, this is by no means an easy task.72 Table 11
lists forest certifying bodies by type of certification system used. Additionally, just because a piece of wood
is not certified does not mean that the wood is from an environmentally destructive operation as certification
is a cost which some wood extraction operations can not afford. Attempts should be made to use wood
from plantation forests in order to minimize the loss of old-growth forests. Currently plantation forest
account for only 5% of the forest cover (4.5% of which are not FSC certified), but supply about 35% of
global round wood consumption.73 Additionally, in higher latitudes, regional wood should be used in favor
of the more exotic tropical hardwoods. Forest health will increase if we find and use other resources than
wood for fuel and paper production.
70 WRI, 1996, Table FG.2 Forest Ecosystems and Threatened Tree Species.
71 WRI, 2001, Table FG.1 Forest Cover and Change, and Certified Forest Area.
72 As shown in table 11, FSC certification is NOT the only type of certification, but it does provide the certification program to a
significant portion of the certifying bodies.
73 Food and Agriculture Organization of the UN (FAO), 2000. Forest Resources Assessment.
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Table 11 - Forest certifying organizations. 74
Independently Sponsored Forest Certification Systems Industry Sponsored Forest
Certification System
Forest Stewardship Council Inernational Standards American Forest and Paper
Organization Association's Sustainable Forest
Initiative
Certifying Body Geographic Certifying Geographic Range Certifying Body GeographicRange Body Range
BM TRADA Certification United BM TRADA Price Waterhouse USA
Limited Kingdom Certification United Kingdom Coope
________________________________ Limited ___________
Great Britain, Spain,
Sweden, Switzerland,
Bureau Veritas Denmark, Australia, New
Sietifer n oth A Quality Zealand,Netherlands, - -
International Belgium, USA, Italy,
Brazil, France, Argentina,
Korea, and Austria.
British Denmark, Netherlands,The Silva Forest Columbia Det Norske United Kingdom,
Foundation Canada, Veritas Sweden, Norway, and
Finland
Finnish Standards United Kingdom,
Skal Intemational Global Association Sweden, Norway, and - -
Finland
SEMKO Kvalitets-
SmartWood Global och Sweeden - -Milj6certifieringSwen--
AB
Societe Generale de Global Societe Generale Global - -Surveillance de Surveillance
South African
The Soil Association Global Bureau of South Africa - -
Standards
GFA Terra Systems Global Sweeden - -
South African Bureau of South Africa Swedish Institute Sweeden - -Standards for Standards
Instituto per la
Certificazione ed i Servizi Italy, Eastern Quality
per le Imprese Europe, Management Canada, USA, and - -
dell'Arredamento e del Russia Institute
Legno
- - KPMG Global - -
Telarc Limited Netherlands
74Contact information for these certifying bodies can be obtained from Forest World, "Forest World and Certification." Initiatives
and Certifiers page; http://www.forestworld.com/certification/initiatives frame.html . Contact information for the three systems
can be found in the bibliography.
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Industrial issues
When industrial round wood is used for lumber, it is sawn and dried in controlled environments. As it dries,
the wood becomes stronger and lighter, but may also check and twist. Wood can be chemically treated
under high pressure with preservatives and fire retardants, but there are environmental drawbacks to many
of these preservatives. Another way to stretch the resource is to use wood panel products or glulams. In
these panel products thin layers of wood (veneers) or wood strands are bonded together into large sheets,
which make more efficient use of the forest resource.75
When wood is used for paper production, the wood is put through a pulping process, which removes and
separates the individual cellulose fibers (pulp) from the rest of the tree. A forming and heating process then
follows this process with the end result being paper. One of the byproducts of this process is lignin, which
is often burned for energy, but can be used as a thermoplastic.76
Economic consideration
Wood has proven to be an economically viable construction material, but if the environmental and cultural
losses are given economic weight, the end user rarely pays for the true cost of the product. 77 In order to
get to old growth forest resources, roadways or other transportation infrastructure needs to be created, this
is usually intensive and destructive. It is for this reason that using wood from plantations can be seen as
economically and environmentally preferable.
Innovative applications in Architecture
Wood is a building material with many applications. It seems the most exciting new applications will be
using wood resources more efficiently through continued developments in engineered lumber. Engineered
lumber includes board composites, such as oriented strand board (OSB), particle board, plywood, etc., and
structural members such as laminated veneer lumber (LVL's). As the technology of bioplastics further
develops, full life cycle non toxic binders may be developed to replace current glues and resins. Genetic
engineering may also play a role by developing species with specific desirable characteristics. Although the
ecological ramifications of genetic engineered crops is currently widely debated.
75Allen, 1999, pg 85.
76 Description of TECNARO GmbH's ARBOFORM@, a lignin based thermoplastic manufactured in Germany. Contact
information can be found in the bibliography.
77 Hering and Tanner, 1997.
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Bamboo
Bamboo has been used in buildings for ages, especially in locations where it is abundant. It can grow in a
multitude of climates, even as far north as 50 degrees latitude. Figure 26 shows the geographical
distribution for bamboo although most species have evolved and are limited to specific ecosystems.
Figure 26 - Geographical distribution of bamboo.78
The family of the gramineae (grasses) incorporates the subfamily of the bamboos. The gramineae also
comprise the rice, com and sugar cane. There are 500 different species of bamboo and several hundred
more subspecies. The term bamboo describes all tree- or bush-like grasses having a durable woody or
branched stem. The lignifying cell structure of the bamboo tissue and its technological properties are very
similar to wood tissue. Contrary to wood, the bamboo has a hard outer surface and soft interior. Figures 2
and 27 show cross sections of bamboo culms and rhizomes respectively.
Figure 27 - Cross section of bamboo rhizome.7 9
79Ibid.
78 Rottke, 2003.
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There are two species of bamboo, monopodial and sympodial. As shown in figure 28, monopodial culms
emerge from one rhizome, while in sympodial species multiple culms sprout from each rhizome.
Monopodial species Sympodial species
Figure 28 - Two species of bamboo. 80
Culms emerge from rhizomes at full diameter and growth occurs longitudinally. It takes 4-10 years for a
plant to be mature enough for harvest. Most plants are harvested before they ever have a chance to flower
as flowering happens only once in most species before the plant dies. Flowering can happen across wide
geographical areas and is apparently quite stunning.
Figure 29 - Bamboo flowers and fruit. 81
Bamboo is the fastest growing plant; the species Guadua angustifolia can grow 12cm (4.7 inches) per day.
Branches sprout at the nodes of the stem starting at the top of the plant and proceeding downwards. As a
result, clear long straight poles are readily available for harvest, and it has gained wide use as structure in
80 Ibid.
81 Ibid.
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countries where it grows well. The branches carry stemmed grass leaves which can be used as infill or for
thatch in roofing. The forks for the branches are sometimes used as supports (joints) in lightly loaded
situations. Figure 30 shows two images of growing bamboo.
Figure 30 - Growing bamboo. 82,83
It is widely used in Asia and Latin America where architects have worked out the details of the joints
between members. Scaffolding is frequently made of bamboo in these regions. Figure 31 shows some
traditional joints.
83 Vitra Design Museum, 2000, Pg 155.
82 Ibid.
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Figure 31 - Traditional bamboo connection details. 84
One of the more promising South American architects working with Bamboo is Simon Velez. Figure 32
shows the structure for a factory he designed with a 60' clear span floor in Columbia.
Figure 32 - Innovative contemporary use of bamboo. 85
84 United Nations, 1972, pg 63-68.
85 Vitra Design Museum, 2000, pg 66.
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Bamboo is quite susceptible to enzymatic breakdown and care must be taken to protect it from moisture.
There are two methods of preservative treatment for bamboo. Smoking the bamboo in large chambers, the
more traditional methodology, forms a protective char layer. Pressure infused chemical treatment is more
effective, but also potentially more toxic.
I
Smoking
Chemical
Treatment
I IJ
Figure 33 - Bamboo preservation techniques. 86
Bamboo has excellent strength properties: tensile, compressive, and shear. It is frequently used as
reinforcing in earthen and straw construction systems, and research has been undertaken to see how it will
work as reinforcing for concrete. It has been found that bamboo needs to be waterproofed before being
86 Images from the following sources:
ZERI, 2000. Preservation, Smoking the bamboo.
Beranl, 1999.
INBAR, 2003, Transfer of technology model: Bamboo preservation by sap displacement, pg 9.
Safari Thatch & Bamboo Inc., 2003.
C -W VV'M 14 00
SiI:I" 41= f* 00
I .AA.
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used in concrete or else it absorbs too much moisture from the curing concrete. Additionally, due to the low
modulus of elasticity of bamboo, flexural members will nearly always develop some cracking under normal
service loads. So, if cracking cannot be tolerated, bamboo should not be used as concrete reinforcing.
Bamboo is beginning to be used to make boards for lumber in much the same way glulams are made.
Culms are split and a resin is used to bind them together. Figure 34 shows some contemporary uses of
this material.
Figure 34 - Bamboo lumber used for flooring and furniture.8 7
Presently, the world's supply of bamboo are not harvested in a sustainable manner, so until we begin to
plant and effectively manage crops here in North America, bamboo should not become a major building
material. At the same time, a well managed plot of bamboo can out produce a comparable area of forest,
so it is only a matter of time before bamboo gains acceptance on the international building stage.
87 Bamboo Hardwoods, 2003, Flooring. http://www.bamboohardwoods.com/floorinq.html.
McDonough, Michael. 2003.
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Other plants
Three other groups of plant types used in architecture are presented below.
Reed plants
The genus Phragmites is used for thatching. Palms are used for thatching and weaving. Eelgrass is used
for thatching, cladding and insulation. This sea plant is endangered and currently protected in most areas.
It is unlikely to be an available source
Fiber plants
Hemp, Jute, Ramie, Flax, Kenaff, Cotton, Agave, Bagasse, Coir, Kapok, etc: these are used in the
production of textiles (rope, twine, fabric). Current research is being performed to investigate these fibers'
use as reinforcement for concrete, with limited success due to concrete porosity and alkalinity. The author
believes the fibers in these plants will find their greatest future application reinforcement for a bio-plastic
matrix. The fibers of these plants can be used as insulation and woven into membranes. Many of these
plants' seeds can also be pressed to make useful oils such as linseed oil from the flax seed.
Peat and Sod
Peat and sod have traditionally been used in stereotomic construction morphology, but are no longer
popular. Transportation of these materials is uneconomical, and buildings employing these materials
require a high level of maintenance. Further, harvesting of peat is quite destructive to the peat bog
ecosystem, and therefore should not be done.
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The Shift to Prefabricated Architectural Systems
All of the above biologically based materials will become more widely utilized in all architectural systems as
we make the shift to a non-toxic renewable resource base. This shift will be a long term shift which will
eventually transcend all architectural styles. Yet in the shorter term, contemporary architecture has seen a
shift in tectonic form. This has been driven primarily by the changes in structure from heavy load bearing
walls to a load-bearing framework surrounded by a lightweight envelope and corresponding infill. This shift
has been accompanied by a co-evolution of materials and their properties; building component production
technologies; and progress in the field of construction. New materials and construction techniques have
permitted architects and engineers to ponder over the appropriate amount of material needed for a
particular building and the correct forms inherent in these materials.88 The ideal constructional principles
of the twentieth century conform to the following idealized theories of the nineteenth89:
1. The doctrine of material efficiency
2. The doctrine that structure equals architecture
3. The doctrine of transparency
4. The doctrine of monolithic construction
5. The doctrine of standardization
6. The cult of the every day
These doctrines have led to new forms and appearances in all five basic components of buildings: the
podium, frame, envelope, machinery, and infill.90 The first, fourth, and fifth doctrines have chiefly been
guided by the economics of construction; the second and third by architectural philosophy; and the sixth
has differentiated quality among architecture throughout time. Frames, envelopes, and podia have evolved
the most dramatically under the direction of the doctrines given above. It is primarily their interconnected
development throughout the past century that has dictated the nature of production in architecture today.
The frame has been transformed dramatically since the late 1800's. In high-rise buildings, massive load
bearing masonry walls have given way to smaller columns of steel and concrete. In the 1890's, Burnham
and Root's Monadnock Building (fig. 35) employed traditional bearing wall construction, with an
88 Ford, 2003.
89 Ibid.
90 Turner, 1996.
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unprecedented height of sixteen stories.91 This building's load bearing walls were more than 6 feet thick at
the junction with the ground. Over the past century improvements in metals and concrete have allowed the
thinning of the load-bearing wall to a columnar frame with infill. The development of the Bessemer process
enabled the easy production of steel, and advances throughout the century have led to the production of
standard shapes that are more efficient in supporting loads.
Figure 35 - Monadnock Building9 2
In concrete, the integration of steel reinforcements has been critical in enabling concrete to be used in post
and beam construction. Pre-tensioning and post-tensioning have strengthened concrete beams and the
development of high strength/low weight concrete has enabled taller buildings. Standardization in formwork
types and development of admixtures have also speeded the site-cast process. In recent years the limited
use of pre-cast components has started to change the production of buildings from being a process of giving
form to a material to a process of assembling different forms 93. The location of the frame itself has also
changed as material advances and better structural analysis tools and techniques have permitted longer
spans between columns. Tubular structures with interior shear walls are now being employed in very tall
93Gregotti,1996.
91 Roth, 1979, pg 176.
92 Sabin, 2003.
I
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buildings, while structural steel frames with shear bands (trusses) or walls are popular frame types for
buildings of moderate height. (figs. 36 & 37).
Figure 36 - Comparison of steel structural systems.9 4
Figure 37 - Comparison of concrete structural systems. 95
94 yengar, 1997, pg 19.
110 TYPE I SHEAR FRAMES
TYPE it INTERACTING SYSTEMS
TYPE III PARTIAL TUBULAR SYSTN13 S.
100 TYPE IV TUBULAR SYSTEMS
K)
90K
CIO-
S70 11 X
6D
40 -
10 -- 1
TYP TYPE I TYPE IVL J L
80o
70
00
40
o 30
in
"£1 20
- 58 -
Heavy timber framing is still used today, but the difficulty in obtaining long spans of wood has made steel
and concrete the predominant material choices for load bearing members in larger scale production.
Where wood is desired, heavy timbers have given way to using glue-laminated lumber (glulam) in large
constructions. In low-rise wood construction, dimensional lumber has become the dominant constructional
element.
In high-rise structures, the development of an independent building frame has led to the development of
independent building skin systems. This has resulted in an overall more efficient use of materials. The
economics of construction has driven this separation of skin and structure, and architects have concurrently
realized the expressive potential of the inherent tension between these two systems. The development of
float glass production as well as material and production improvements in aluminum and other metals has
led to designs of lightweight curtain walls. Standardization has driven curtain walls to be repetitive in
nature. These walls simply surround the form of a building and act as a semi-transparent envelope
separating the interior environment from the exterior. This has resulted in the skin/frame dichotomy that is
prevalent in architecture today. When heavy materials are used in the envelope, they are often only veneer
and used solely to satisfy people's desire for stereotomic expression in architecture. In low-rise structures,
the envelope and structure are often integrated as constructions with dimensional lumber, cold rolled steel
studs, or CMU walls serving as the structure. In these constructions there is often a layer of insulation and
a vapor barrier between the structural components and exterior finish. Hence, one layer is structural and
another acts as the protective envelope. Advances in insulating materials as well as window technology
have resulted in buildings using less energy. A separate building envelope has also enabled buildings to
change more easily. A new facade with more desirable characteristics (thermal, acoustic, or other) can
easily replace an older one.96 This more easily allows buildings to be reused and recycled as their
programs change.
The podium has been significantly affected by the lightening of buildings due to the changes in the skin and
structure. Additionally, improvements in construction techniques have allowed foundations to be built in
tighter building sites. The use of slurry walls, piles, and caissons require less excavation. The use of site
95 Ibid.
96 Brand, 1994.
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cast steel reinforced concrete foundation walls and footings, the development of high strength concrete,
and advances in geological surveying and testing have enabled the high loads of large buildings to be
transferred to relatively small areas of contact to stable ground (or bedrock). This has allowed columnar
load bearing members of a building's structure to transfer a concentrated load to a smaller foundation than
would otherwise be needed.
Since the industrial revolution, standardization has resulted in individual building components developing
with tight dimensional tolerances. Yet bio-based materials are inherently non uniform and difficult to
manufacture to these tolerances. They are also perceived as more susceptible to fire and rot than many
synthetic materials. As a result, building materials have tended towards materials of high embodied
energy. Currently impending energy shortages as well as environmental concerns force us to reconsider if
there are ways to use renewable materials without compromising design. Emerging biopolymer
technologies will eventually enable new bio-based high-performance composite materials. In the mean
time there may be ways to use current technologies to push biological building materials further into the
realm of modern design. The rest of this paper will look in detail at the opportunities for straw in
commercial architecture.
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Statement of Problem
Bio-based materials are generally lower in embodied energy than mineral or fossil fuel based materials. As
a result, assuming proper resource management and end-of-life disposal method, they are environmentally
superior. Unfortunately, they are difficult to design and manufacture because every sample is, in its raw
form, very non-uniform. Wood is a notable example of a bio-based material that has gained wide
acceptance in the building sector. We are at a point in history where we can forecast the evitable resource
crunch97, so we should consider expanding the bio-based architectural palate. As the focus of this
research is straw, the problem is:
Can a bio-based architectural building system be designed using straw which maintains the
high tolerances and performance demanded by the modern building sector?
Methods of Design
In order to identify in which architectural system the use of straw is most applicable; first the different
systems must be identified and researched. This research comprises the first aspect of the design
methodology. Following this, a specific system will be proposed and a prototype will be analyzed for
performance.
An Analysis of Building Systems
It is generally accepted that there are distinctions between the various building systems within any actual
building. Each of these systems is designed with a different lifetime. There will always be some degree of
integration among the systems but they can be distinguished as the substructure (foundation),
superstructure (frame or load bearing above ground elements), envelope (skin that separates the exterior
from interior), machinery (environmental control equipment), and infill (non-structural interior elements).98
97 Much more on this point is discussed in numerous references, most notable in the author's opinion is: Meadows, 1992.
98Turner, 1986.
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Each of these building systems will have a range of predictable lifetimes depending on material choices,
external pressures, and assembly methods. These lifetimes need to be researched and understood by
architects for any solution they design.
Figure 38 was originally drawn by Frank Duffy of DEGW an internationally renown design firm, but has
been popularized by Steward Brand, in his monumental work, "How Buildings Learn." It represents that a
building is made up of pulses99 each with a distinct lifespan. It successfully represents the duration of the
relative pulses by the thickness of the corresponding lines.
S
Figure 38 - The six s' of architecture.
The substructure will last the longest, often outlasting the life of the building. There are few types of
foundations that are removable and hence reusable at another site. But typically foundations are designed
to last, and are not easily salvaged or reused. Foundation placement to facilitate future growth should be
researched as well as what happens to the foundation once its supported building disappears (are there
ways to facilitate re-vegetation of a site similar to the way in which sunken ships can spawn coral reefs?).
The superstructure is generally designed to last the life of the building, or however long owners are
prepared to continually invest in its maintenance. 100 There are opportunities for superstructures to be
designed so that they are easily changed with the buildings' programs. Additionally there may be
opportunities to integrate rapidly assembled construction techniques with reusable load bearing framework
to create successful short-term buildings. At the end of a superstructure's life, it will be reused, reclaimed
99 Van Der Ryn, 2002.
100 Rodin, 1992, pg 163.
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(recycled or reprocessed), or thrown away. For this reason superstructures that are biodegradable may
have environmental merit and should be considered.
The envelope is critical in defining a building's appearance and performance. The envelope is a skin
whose primary job is to keep moisture out of the building. It also transmits light and heat (or prevents heat
loss) through windows and insulation. The building envelope is often integrated with the superstructure and
roof, but there are many typical constructions that can be generalized for the commercial sector. These are
broadly defined as:
1. Exterior finishes with light frame construction (wood or steel)
2. Masonry or concrete cladding
3. Metal and glass cladding (curtain walls)
4. Fabric membranes.
Because the envelope is constantly exposed to the stresses of the environment, its design life is usually
less than the building. Additionally, envelopes are frequently replaced in the name of fashion or
appearance. The average design life of a building envelope is approximately 20 years.101
Building machinery will have a major impact on the environmental and economic performance of a building.
HVAC systems and other services (MEP) are often designed to last approximately 20 years and their
proper operation may have significant impact on the durability of the other building systems. Most
building's machinery is sized for calculated loads dictated by the building form, thermal characteristics of
the envelope and building fabric, and predictions about use. It is then operated depending on demand (up
to the peak load for which it was designed). These systems' abilities to grow or change post design life will
not be considered extensively in this paper, but the effects that the different types of the other building
systems have on the machinery will be documented.
The infill is the most dynamic part of a typical building changing as frequently as every 3 years in some
offices. Often times this change is for reasons of fashion. But different infill layouts also tend to come and
go with different managerial hierarchy schemes and their corresponding corporate structures. Interiors, as
the most frequently changed part of a building, should be designed for recycling, reuse, or organic
1 Brand, 1994, pg 13.
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decomposition, and the environmental impact of every material should be evaluated in design. There is
great opportunity to reduce resource consumption by designing the infill to be easily disassembled and
reconfigured. In the future, businesses that lease interior systems (or components of interior systems) will
develop. Again, biodegradable materials will also show to be of ecological merit for use in this system as it
is likely to generate large quantities of solid waste on a fairly regular basis.
While the machinery and interiors should be optimized to minimize cost and operational resource
consumption, architecture is largely about building form, which is dictated by the design of the substructure,
structure, and skin. These three building systems will now be further analyzed for systems that already use
renewable materials as well as to investigate possible future applications for straw. First, the systems will
be discussed; for each system, typical constructions will be discussed and the way in which these
constructions allow for disassembly and reuse will be identified. Each section will then close with a
discussion on potential areas of application for bio-based materials, specifically straw. By deeply analyzing
these three architectural systems, a good application for straw in modern design will be identified.
Foundation
The function of a foundation is to transfer the structural loads from a building safely to stable ground. In
addition to supporting and transferring the different loading conditions of a structure, the foundation must
also be designed to resist the pressures of earth, water, and frost acting against basement walls and
footings. The foundation is generally the part of the building that lasts the longest and often times will
outlast the building itself. It is difficult to replace and therefore must be designed to last the life of the
building. The type of foundation will be dependent on the anticipated loads of the building it supports, the
geological (soil characteristic) conditions, and the hydrology of the site.
There are two types of foundations: shallow and deep. Shallow foundations transfer the loads at the base
of the building directly to the soil below. Many shallow foundations are raft or mat foundations as the loads
are transferred ultimately through a horizontal surface resting on the earth. Other shallow foundations
transfer the load through linear or point-like elements that support the walls (either above or below grade).
Deep foundations transfer the loads through long members to reach soils of competent bearing capacity.
These members are linked together by horizontal members supporting the walls. Deep foundations are
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either piles or caissons. The load is transferred either by friction between the member and the earth or by
the end of the member bearing on firm soil or rock.
Numerous different materials can be used in foundation work. They have varying effects on the local and
global environment. Larger buildings will require deep foundations; the materials available for making
these are concrete, steel, and timber. Shallow foundations also utilize these materials, but stone can also
be used.
Concrete
The majority of foundations today use concrete (often times reinforced) to carry the structural load of a
building. Concrete is an ideal material for this work due to its high compressive strength. Concrete is
produced from a binder, aggregate, water and additives. The binder can either be air curing or hydraulic
curing. The most common binder used today is the hydraulic binder Portland cement. Its ingredients vary
depending on what is locally available, but always consist of lime and some mixture of shale, clay, and/or
quartz sand. Most geographic regions have deposits of lime, either as chalk deposits or coral and sand
formed from disintegrated seashells. The production process is highly energy intensive (4.0 MJ/kg) as
these materials are crushed and then fired in a rotating kiln at temperatures between 1400 and 1500 C.
The production of Portland cement also pollutes by emitting C02, SO2, PAH, NOx, TI, Ni, quartz dust, and
other unspecified dust. Concrete can be cast in place (in-situ) or pre-cast and transported to the site. The
majority of concrete in shallow foundations are site-cast using formwork or slurry wall methods. In deep
foundations concrete can be site-cast (pressure injected or poured in a steel cylinder), but reinforced pre-
cast concrete piles is another method employed.
Steel
Steel is used most often as reinforcing elements in concrete foundations. It is risky to use alone due to the
oxidation and subsequent degradation of the material. Frequently steel tubes will be inserted into drilled
shafts and filled with concrete (additional steel reinforcing members can also be inserted to give a caisson
with a very high load-carrying capacity). Steel is any of a range of alloys of iron and carbon that contain
less than 2 percent carbon. Iron is a limited resource; the World Resource Institute estimated in 1992 that
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the statistical reserve for iron ore is 119 years.102 The manufacture of 1 ton of iron requires 1.75 tons of
iron ore, 0.75 tons of coke, 0.25 tons of limestone, and 4 tons of air. Steel is able to be recycled (as much
as 60% of current production can come from steel scrap), but the process of making steel is highly energy
intensive and produces large amount of C02 as well as other waste. Steel is generally shipped to the site
in bars and cut, bent, shaped, and placed before the concrete pour.
Timber
Timber piles have been utilized since at least Roman times where they were driven into the ground with
large mechanical hammers raised by muscle power. The key condition for achieving a long lasting timber
foundation is a uniform dampness. The timber should be completely covered with earth and lie below the
water table. Immersion below the water table results in a low-oxygen condition environment. Different
species of tree have varying properties in regards to degradation in this type of environment. Pine, alder,
elm, and oak can last over 500 years, larch can last 1500 years. Yet once the moisture level of the
surrounding soil drops below 30-35%, rot sets in and the pile begins to degrade. Pressure treated timber
can be used, and exposed logs can be impregnated, but there are negative environmental effects with both
of these processes. Additionally, chemical impregnation will still only last approximately 75 years in low
moisture conditions. The depth of the pile is limited to the length of the tree, and the bearing capacity of
timber is less than steel or concrete. These two factors, combined with a general trend in lowering of
ground water levels often rule out the use of timber piles. Timber is potentially a renewable resource
provided forests are managed properly, so the ecological effects of using timber foundations are
significantly lower than steel and concrete. Of course there is a major tradeoff for durability and reliability.
Stone
Stone can be used to make shallow foundations, but particular attention must be paid to waterproofing.
The stone and any mortar used must be non-porous. Granite, as a non-porous igneous rock, can be used
for structural stonework, while sandstone and limestone (sedimentary) are inappropriate for this. Only
stone with no trace of decay, splitting of layers, or veins of clay should be used. When stone foundations
are used, they are most often point foundations with the framework resting atop the stone. Large pieces of
stone are difficult to transport, so concrete has become a more popular choice for a foundation material.
102 Berge, 2000, pg 4. N.B. the estimated life of the statistical reserve for any mineral can be obtained by dividing the annual
consumption by estimated reserve. This information can be found at the USGS website. Information for the USGS can be found
in the bibliography.
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Foundation Waterproofing
Any structure with interior space below grade must be concerned with waterproofing the foundation walls
and floor (mat). This can be done with crushed stone that allows the water to drain to a perforated pipe that
eventually drains to daylight. Gravel is often laid below the foundation mat and along the exterior of the
walls. It is difficult to layer the drainage stone and backfill so that the stone remains against the foundation
wall, so a drainage mat is often used. This mat is usually made of an inert fiber egg crate or some other
porous material. The outer surface of the foundation wall may also be rendered with some sort of
waterproofing either bitumen (a petroleum based product) or clay. Water must also not be allowed to travel
via capillary action to the above grade structure, so there is often a waterproof layer between the two
systems.
Opportunity for more biologically based systems
Most biologically based materials are not suitable for foundation work due to the conditions below grade.
Earth-borne molds and bacteria tend to breakdown renewable materials too quickly to make them
appropriate as structural materials. However, their use should be considered in buildings of limited life
spans. If we are to continue to use concrete foundations, we should focus energy into researching the use
of natural fibers or fibers made from biopolymers as reinforcing instead of precious steel. There may also
be some uses for biologically derived plastics as either drainage mats or moisture barriers. The perforated
drainage pipes might also be an area of application for bio-plastics. More research is needed into the
durability of these plastics in such applications. As discussed earlier, straw is often used for erosion
control; perhaps it can find wider use in the landscaping industry.
Structure
The function of a building frame is to transfer the live and dead loads of the building to the foundation. In
structures that use long slender members in a framework, the most common materials used are concrete,
steel, and timber. Constructions based on the piling methods use brick, stone, concrete, wood, straw,
earth, or peat.
Frames
Frames can be subdivided into two types, heavy and light. Heavy frames tend to hold up the loads of the
building using strong members. There is usually more of a separation between frame and skin in a heavy
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framed building. In light frame construction, the exterior and interior wall surfaces often become so
integrated into the structural elements that the structure is not easily disassembled.
Heavy steel frames are typically welded together to create rigid joints. Steel elements can be used alone
as columns and beams or welded together to make trusses. This welding of steel frames makes it difficult
to reuse, but steel from demolition can be reclaimed for scrap iron. Steel frames require fire proofing which
can be accomplished by surrounding the steel with gypsum, concrete, or spay on fireproofing. The
environmental profiles of many of these fireproofing materials are dubious, not only in terms of resource
consumption and toxicity of production but in byproducts of their combustion. Fireproofing makes the
deconstruction process more complicated, but is essential for the safety of the building. Modern fireproofing
is gypsum based, but older applications may have asbestos in it.103 Steel is cheap and strong and easy to
connect together with bolts and welds. Steel also must either be designed to form a self-protecting
oxidizing layer or be protected from oxidation with a coating. Steel is used in large sheets to form the
decking which concrete is cast atop in floors or roofs. These steel decks are rigidly connected to the frame,
making disassembly nearly impossible.
Concrete frames are either pre-cast or site-cast, either method requiring steel reinforcements. Even pre-
cast concrete structures are difficult to disassemble due to onsite grouting, making re-use unlikely, except
possibly as landfill or aggregate. Concrete must be protected from frost or it may spall, exposing the steel
to conditions ripe for oxidation. Quality must be assured in construction methods or the long-term durability
will be compromised. Concrete as a material is relatively inexpensive, but the reinforcing steel can be
costly. The labor of installing formwork correctly is also costly.
Timber framing is a craft with a rich history. Timbers are strong and like concrete can be left exposed in dry
environments. Wood is limited in its availability and size and for this reason is often overlooked in sizable
construction projects. There is a growing use of laminated lumber in construction. 104 This uses smaller
pieces of lumber laminated together with glues. The process consumes energy and the glues can
potentially have toxic effects. But, they can be stronger than timbers of the same size and are often the
104Canadian Wood Council (CWC), 2003, Home, Products, Glulam; http://www.cwc.calproducts/glulam/.
103 W.R. Grace and Company, 1997.
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only available option for larger dimensions. Timber framed buildings can be pegged together using mortise
and tenon joints, or can use steel connectors to transfer the load between members. Both of these
methods can allow disassembly. Traditional timber framed joints require tight tolerance and hence skilled
labor, making this an expensive way to frame a structure. Additionally, the mechanical behavior of wood as
it moves with moisture content must be accounted for in design of joints. Steel connectors such as screws,
bolts, and nailing plates can also be used to join timber members. As already discussed, wood is a
potentially renewable resource and easily decomposes when left to rot.
Recently, there has been an increased used of plastic as structural material, especially as a replacement
for pressure treated wood. Polywood, Inc. claims the use of its product as railroad crossties, joists, beams,
posts, bridges, walkways, piers, and observation towers.105 It is claimed that their product is stronger than
conventional plastic and uses 100% recycled non-toxic material. This material has yet to gain widespread
acceptance, especially without fiber reinforcement, due to problems with creep, but holds potential for the
future.
Light frame construction has become popular due to the ease of assembly. Light framework is usually cold
rolled steel C-sections or dimensioned lumber. They can be used as the entire structure for a small-scale
building, or can be used with heavy frames as the structure of the building envelope and internal walls. The
material choice is dependant on availability of material, construction schedules, contractor preference, fire
codes, and dimensional tolerance desired. The manner of connecting members is usually with nails, rivets
or screws, making disassembly time consuming and costly. Wood has a better environmental profile but is
not always available (i.e. high transportation cost). The surfaces of a building (internal and external) are
usually fastened directly to the light framework, and the services (insulation, mechanical, and electrical)
often run directly within this structure. This highly integrated assembly makes disassembly difficult as well
as often mixes the biological and mineral cycles. This leads to building waste being unsuitable for use as
compost.
105 Polywood, Inc., 2003, Structural Applications.
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Stereotomic Structures
Constructions based on piling methods are referred to as stereotomic which take advantage of a materials'
ability to perform well under compressive loads. The following stereotomic structural systems are
discussed next: stone, brick, concrete masonry units, wood, straw bale, peat, and earth.
Stone construction is an ancient art that has been used for thousands of years. Differing from foundation
applications, all stone types can be used above ground level, but careful attention must be paid to detailing
the structure so that it is not susceptible to frost damage. Quarry stone or free lying stone can both be
used, but using squared pieces makes the construction process easier. Dry stonewalling implies
construction of walls without mortar. This demands great accuracy in setting the stones. Often two parallel
walls are laid concurrently and bonded together with through stones. The cavity in between the two leafs
can be filled with earth, clay or gravel to achieve better wind proofing, but this fill must be well drained to
prevent damaging action by frost. Structural stonewalls are more often laid with mortar. The important
properties of the mortar are elasticity and low moisture penetration. Stone has a high thermal capacitance,
which makes it a good material choice in certain climates, but the high transportation cost associated with
its high mass often rule out its use.
Brick has been used as a structural material in buildings for at least 4000 years. Although today it is most
often not used in a structural manner, it can be used in low-rise buildings. Clay is first formed (either with
molds or by extrusion processes) into bricks, dried, and then fired at high temperature. The process is
irreversible, with the final product being classified as ceramic. The color and other properties of the brick
can be adjusted by varying the composition of the original clay mixture. Bricks and other ceramic materials
have environmental profiles dominated by the heat needed in drying and firing. Bricks can be reused if the
strength of the mortar is weak in comparison to the brick. However, today's construction methods usually
specify a strong mortar, making used brick suitable only for landfill. Brick as a structural system should be
built as a cavity wall. A hard fired brick that will withstand frost should be used in the outer wall, while the
cavity must allow any water that does penetrate to drain. Careful detailing of exposed horizontal surfaces
is required to prevent frost damage.
Concrete masonry units (CMU) have become a popular structural system, especially in low-rise commercial
and industrial buildings. CMU walls are used as both structural walls and non structural infill applications.
- 70 -
Some CMUs have decorative faces and are used as the exterior skin of the building. CMUs are made by
vibrating concrete into metal molds and then turning out the wet unit onto a rack for drying. CMUs come in
many shapes and sizes; some systems are even made with interlocking units, thus improving structural
stability of the wall. CMUs are stacked with mortar to create a load-bearing wall much the same way that
brick is. CMUs are bigger than brick so construction proceeds faster. Additionally, grooves and holes in
CMUs allow for steel reinforcing bars and additional concrete reinforcement to be poured on site. This
reinforcement makes reuse or recycling extremely difficult.
When wood is used in stereotomically, the logs are stacked directly atop each other with their corners
notched together. This method had been used for thousands of years. It provides good acoustical
properties and fire resistance, but it is difficult to make this construction airtight. Care also must be taken to
protect the outer surface from becoming damp, as wet wood is a cause of insect infestation. This method
uses more timber than a wood framed structure. Logs from these buildings can be reused easily if in good
condition.
As discussed in the introduction, straw bales are sometimes used to make load bearing walls. The density
of the bales is critical in order for them to serve as structure capable of carrying compressive loads without
severe deflections. California and Arizona have written codes for builders of straw bale structures to follow,
but due to the limitations caused by the settling of the bales over time and the subsequent cracking, this
methodology is not appropriate for large scale constructions. Most straw bale construction utilizes steel
reinforced concrete footings as well as concrete slabs.
Constructions of peat are localized to regions with available resources. Peat walls have two layers of peat
with earth in between them. The two layers are stacked up in courses with the strongest part of the peat
being used at the corners. The lifespan of peat is limited to approximately 50 years, but in colder climates
can last longer. Peat biodegrades but its limited geographical availability restricts its use.
When earth is used as a structural system, care must be taken during construction to protect it from strong
sun and heavy rain. There are a number of constructional methods that use earth. Ramming (or pise)
construction uses rammers to compact the earth in between shuttering. This can be done manually or with
machines. It is important that there be reinforcing of twigs or wires in the walls as earth is not good in
tension. Once the wall is dry, it must be protected from weather. This is done either by rendering it with
-71-
hydraulic lime cement, or by fastening a protective timber skin to battens that are nailed directly into the
wall. Earth blocks, adobe, and cob construction are all similar. Small units of earth mixed with straw or
other elements are piled in the same way bricks are laid. Reinforcing must be applied, as must an exterior
surface treatment to protect it from weather. Earthen construction has high associated labor cost and
requires a large amount of material. If the available earth on a site is not appropriate for construction,
transportation costs will be high, and the environment of the source of the earth will be seriously affected.
Earthen construction can last many years, but will require significant maintenance throughout its life. It will
return to the environment in a non-toxic manner provided its reinforcing members are biologically based.
One drawback in earth construction is attaching an insulation system to the structure.
Opportunity for more biologically based systems
Traditional methods employing biologically based systems are much better ecologically than either
concrete or steel framed buildings. Unfortunately, these systems are generally more suited to low-rise
construction and require more time and money to build than light framed structures. Timber framing is
becoming popular again, and the emergence of glulams has provided a new structural element. Another
interesting thing that has happened is the CMU has virtually replaced structural brick construction. This
popular method can offer insight into ways to improve the straw bale construction system. Combining the
structural stability of straw bales with the aesthetic and waterproofing qualities of plastics produced from
biological sources might be a suitable construction technique. Most contractors are not used to building
with straw bale, but if the construction method was engineered so that it was similar to CMU construction,
there might be a large market for this system. Straw bale alone may not be appropriate as a structural
system, but if it were supported by a renewable structural shell, it could gain wider acceptance.
Unfortunately bio-polymers for structural applications have not been developed, so it may be many years
before this technology is available. Additionally, the low cost of straw might be offset the high cost of any
biopolymer based structural shell. Perhaps a demountable, reusable frame and tieback system could be
designed to allow the application of this system to high-rise structures.
Skin
The skin of a building provides many functions. It is the transition layer from outside to inside and hence
separates the two environments. It protects the structure from rain, snow, and other forms of precipitation.
It provides a thermal break between the indoor and outdoor environment and thus has a characteristic
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thermal resistance. It protects the internal environment from strong winds. It can even play an active role
in harnessing energy and moderating the properties of the internal air. It provides and protects from both
light and sound transmission. It must provide a degree of fire resistance and control moisture transport and
protect itself (and the building's occupants) from degradation due to mold and/or bacteria growth. In
addition to all this, it must be broken (punctured) to allow inflow and outflow of air, people, and services.
These functions may be provided by a single element, or may be comprised of a number of elements. The
skins of a roof need to have different properties than those of walls due to the higher degree of exposure to
weather and solar radiation.
Roofs
Roofs are characterized by their slope. Steep roofs shed water quickly enabling the use of small
overlapping units. These are shingles, tiles, or tightly wrapped bundles of plants. Like scales on a fish,
these enable differential movements of the roof under loads. It also allows water vapor to vent easily
through the roof. Low slope roofs (<22.5 degrees) do not have these advantages, but can span wider
buildings more economically. Planted or green roofs are becoming popular and may make the
environmental profile of low slope roofs better.
Low-slope roofs must have structural decking, insulation and a water impermeable membrane. Roofs must
be carefully detailed; allowing for differential thermal expansion and there must be paths for drainage of
water. The structural decking is considered as part of the structure and can be made out of the materials
outlined above. The insulation can be one of many different materials (or a combination) and can be below
the deck, between the deck and the membrane, or above the membrane. Conventional insulation types will
be outlined later, but the one most often used on low-sloped roofs is rigid polystyrene foam insulation. In
cold climates any insulation between the deck and the membrane must be protected from frost damage by
the installation of a vapor retarder below the insulation. The insulation must also be vented using topside
vents (1/1000ft2). These vents are usually made of metal or rigid plastic with rubber valves. If the insulation
is installed above the membrane it must be protected from direct UV radiation and uplift due to wind
suction. This is usually done with a ballast of crushed stone, a thin layer of concrete, or interlocking
concrete blocks. Layering the insulation above the water impermeable membrane will actually help protect
the membrane and prolong its lifespan. The membranes used for low-slope are either built up, single-ply,
or fluid applied. The most common vapor retarder consists of two layers of asphalt-saturated roofing felt
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bonded together and adhered to the roof deck with hot bitumen. Polyethylene sheeting, which is an
excellent vapor retarder and used in other construction systems, is rarely used because it melts at the
application temperature of the hot bitumen used in most roof membranes. Bitumen is usually asphalt
derived from the distillation of petroleum, but coal tar pitch is used on very low-sloped roofs as it has a
higher resistance to standing water. Single-ply membranes are fastened to the roof in large sheets. They
are made either of thermo-plastic or thermo-set materials, sometimes reinforced and sometimes modified
with bitumen. Most of these plastics are derived from non-renewable resources, are high in embodied
energy, and their manufacture can have toxic effects on the environment. Fluid applied membranes are
used on domes, shells and roofs of non-conventional shapes. They are applied in liquid form with a roller
or spray gun and cure to form a rubbery membrane. Most of these products are also derived from
petroleum. There are also proprietary systems of metal roofing panels that combine insulation,
waterproofing, and UV protection. These attach easily to many types of buildings and are thus economical
to install, but their embodied energy is considerable. Most low slope roofs are not easily disassembled and
thus are not recycled or reused. The materials used are often of non-renewable origin. Perhaps there will
be more application of membranes and sealants derived from biological sources via bio-refineries in the
future. One interesting system that uses biological resources is the planted roof. Layers of progressively
finer gravel and soil are laid atop the waterproofing membrane and planted with vegetation. Traditionally
birch bark was used (layered up to 16 layers thick) as the waterproof membrane in turf roofs until the mid-
twentieth century, but has since been replaced with cheaper and more easily installed products. Planted
roofs provide large amounts of thermal mass, have good thermal properties, control storm-water runoff, and
reduce the urban heat island effect. They also can be used to grow food or simply as a place of relaxation.
Planted roofs can be either low-slope or steeply pitched, but the current trend is in developing low-slope
systems.
Steep roofs are roofs with a slope greater than 22.5 degrees. They can be classified as thatch, shingle, or
sheet. The insulation and vapor retarder in steep roofs are usually installed below the deck and a
continuous vented air cavity should be left below the deck to prevent the formation of ice damns. All three
methods use a layering construction so that water that falls on the roof runs down the surface from element
to element until it is carried away at the eve by a gutter or allowed to fall to the ground. Thatch construction
was explained in the introduction, while the other more common roofing systems are nailed directly to
plywood or OSB sometimes with asphalt saturated felt roof paper in between. Shingles can be wood
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shingles or shakes, asphalt, slate, clay tiles, and concrete tiles. Most wood shingles and shakes in North
America are from red cedar as it is naturally resistant to decay. Asphalt shingles are most common and are
made from asphalt impregnated felt faced with mineral granules. Most felts are composed of glass fiber,
but traditionally cellulose was used. Slate is delivered to the site split and is punched or drilled for nailing
prior to installation. Slate is a high quality fire resistant natural material that can be reused. Clay and
concrete tiles are generally heavy with a high transport cost. They are also durable but are high in
embodied energy. Sheet metal roofing is also durable. Lead and copper form self-protecting oxide layers
that will last for decades. Other metals (e.g. steel, aluminum) can be used, but must be properly coated
and protected. Sheet metal from roofs can be recycled although roof systems are not easily disassembled
as joints are welded or strongly fastened.
Walls
The skin in a wall consists of a number of different layers with varying degrees of integration. The most
exterior layer, the cladding, must protect from wind, weather, and solar radiation. It must also present itself
for viewing, as it is the fagade of the structure. The most interior layer is what the occupants of the
structure interact with on an everyday basis. Usually a layer of insulation and a methodology to control the
passage of water vapor are sandwiched between the inner and outer layers of the skin. This is all fastened
together and supported by some sort of substructure. Figure 39 shows the layers of the skin schematically.
skin
Rain Screen
InsUlation
Exte~iorIntezior
Sub Structure
Vapor Barrier
Finish
Orderfintegration of ayers
dependent on climate/design
Figure 39 - Schematic of building skin.
In addition to all this, doors, windows, and services all must puncture the skin to admit occupants, light, and
ventilation.
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Walls - Rain Screen
There are numerous types of cladding systems that act as rain screens, and many buildings will use
multiple systems. This cladding is important to restrict water penetration into the wall and drain any water
that does enter. They can be loosely classified as stone, wood, plastic (vinyl), clay - tile and brick,
concrete or cement based - both fiber and steel reinforced, metal, and glass curtain walls. There are also
a number of hybrid systems. The methodology for attaching these systems to the sub structure (when they
are not in and of themselves, the substructure) is also of interest when comparing environmental profiles.
Stone can be used in buildings as the structural elements as described above. As stone is not very good in
tension, traditional buildings of stone tend to be heavy massive structures. In modern buildings when stone
is called for it is set in mortar and attached to either a concrete masonry back up wall or a framework. If
attached to a framework, mortar is not used between the blocks -- a flexible sealant is used instead, thus
the frame supports each block independently and the wall is allowed to flex and move under the dynamic
loads. This framework is either the substructure of the wall or the main structure of the building. Thin
blocks of stone can be joined together by attaching them to their own substructure, which in turn is
supported by the building frame, or they can be joined using adhesives into large spandrel panels post
tensioned together with steel cables and mounted to the main structure. Very thin blocks of stone can be
stiffened with a metallic honeycomb backing and made into spandrel panels to be used in curtain wall
construction. Stone as a naturally occurring material has a good environmental profile, and if it the cladding
is designed for disassembly, it can be seen as a good system. However, sealants and adhesives tend to
be produced from non-renewable resources with manufacturing processes that generate environmental
toxins. This is another application where there will be a market for biologically derived sealants and
adhesives as fossil resources are depleted.
When wood is used as the exterior cladding, it is either in boards or as shingles. Before the siding is
applied, sheathing is applied to the wall's structure (substructure) to provide lateral stability. The sheathing
is then covered with a layer of waterproofing and/or a vapor permeable airtight membrane. These are
stapled to the sheathing, and seams are taped to fully seal the structure. Then the siding is nailed to the
sheeting or to vertical wood spacers aligned with the substructure. With the exception of moisture resistant
species of wood, most sidings need to be protected with paint or stain. Wood has a good environmental
profile, provided the application of toxic paints and stains are avoided. Wood siding is not usually reused
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as the nailed connections make disassembly difficult, but its renewable origin makes it worthy of
consideration. When demolished, wood can be burned or composted and nails can be recovered.
The most common use of plastic in exterior cladding is PVC (vinyl) siding. These sidings have long
durability and do not require repainting for long periods, but they can have a tendency to become brittle and
crack in cold climates. Plastic derived from fossil based resources are dubious materials in terms of their
effects on the environment, but as biologically derived plastics emerge, perhaps this situation will improve.
Clay and earth can be the cladding directly when they are employed as the structure, as is the case with
rammed earth or load bearing brick construction. It can also be used as small tiles or masonry attached to a
structural wall. Masonry veneers of brick are tied back to structural CMU walls and require careful detailing
to prevent frost damage. Clay tiles can be attached to backup walls with a mortar of cement and sand, or
can be hung in the same way wood shingles or clay tile roofs are hung. The glazes used in the production
of tiles can have toxic effects on the environment.
Concrete and other cement based cladding systems have become extremely popular due to their ability to
be made into unique forms. Precast concrete panels can be attached to a building frame in much the same
way as stone panels. These panels are steel or glass fiber reinforced and can be stiffened with ribs made
of more reinforced concrete, but are more often permanently attached to light gauge steel walls. These are
then attached to the building frame as a unit. Both of these systems make recovery of the steel difficult.
Cement can be used as the binder in a mould with natural fibers to produce boards or sheets for
cladding.106 These products are fastened to the structure in the same way wood or vinyl siding is attached.
They are extremely durable products and also provide fire resistance, and heat and sound insulation. The
production of cement is a highly energy intensive process, but the potentially long lifespan of these
products may make them environmentally attractive. Cement is also used in exterior insulation and finish
systems. Here, a layer of rigid plastic insulation is adhered to a backup wall and a polymer-modified
Portland cement mortar is troweled over a glass fiber or steel reinforcing mesh as the exterior finish. This
cement stucco finish is applied in a similar manner to the render in straw bale construction.
106 James Hardie Industries, 2003, http://www.iameshardie.com/homeowner.htm.
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Metal is often used as flashing in all sorts of construction to prevent water and frost damage. It can also be
made into spandrel panels used in curtain wall assemblies. Metal sheeting can be used as cladding on
buildings, but metal has a very high associated embodied energy. Although metal is a durable product, it
has poor thermal characteristics and is prone to denting. As with metal roofs, metals facades will form their
own protective oxide layer, but care must be taken to make sure that metals in contact with each other will
not corrode due to galvanic action. Metal facades are rare for good reason and should continue to find
limited application. Steel is used as the reinforcing mesh under stucco applications. Steel, aluminum, and
other metals are often used in curtain wall assemblies. In these applications, the metal is the structural
framework that supports the glass and spandrel panels.
Walls - Insulation
There are numerous types of insulation available all with their own advantages and drawbacks. Table 12
shows a number of insulation types, presents their constituent materials, and ranks them according to
embodied energy. It is interesting to see that straw bale is the only completely renewable non-toxic
solution. Beyond that, it has the lowest embodied energy per insulating unit.
Table 12 - Insulation comparison.
Insulation Primary Materials Other Materials R-valuelinch Embodied Embodied Energy
Type (process or flame (Btu/ft2hroF) Energy per insulating
retarder) (Btullb) unit in Btu*
Plastic Fossil Fuels HCFCs, HFCs, 3.6-7.5 30,000- 14,000-18,000
Foams Pentane, 48,000
C02 & H20 (gaseous)
AirKrete Cement Magnesium Oxide (from 3.9 16,300 18,400
seawater)
Fiberglass Sand, Silica, Boron derivatives 2.2-4.0 12,000 4,550
Limestone
Batt or Fill Phenol formaldehyde
Mineral Steel Slag Phenol fomaldehyde 2.8-3.7 6,500 2,980
Wool Natural Rock
Cellulose Recycled Boron derivatives 3.0-3.7 750 600
(blown-in) Newsprint Ammonium Sulfate
Cotton Batt Cotton Mill Scraps Plastic Fibers 3.0-3.7 -500 -625
(Denim) Boron derivatives
Straw Bale Straw from Twine 1.5 65 8
Agriculture Earth or Plaster Render
Reinforcing Metal
* Insulating unit refers to mass of insulation required to provide
R-20 over one ft2 at standard density.
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These materials are sold as loose fill, solid boards or thick matting. Insulation must be installed to create
as air tight of a layer as possible to prevent damage caused by condensation of passing moist air. Loose
fill insulation can settle overtime and thus requires long-term maintenance although the application quality
has improved in recent years. Mineral and plastic based insulation types require a large amount of
processing energy to create and install, but the lifetime energy savings may make the investment
worthwhile. The manufacturing processes can be highly toxic and disposal can also produce hazardous
waste. Even cellulose and cotton insulation systems, which are made from old newspapers and denim
scraps respectively, must be impregnated with a flame retarder derived from a non-renewable resource.
There are not many biologically based systems available for insulation, but straw bale construction offers a
high thermal resistance and needs no chemical treatment prior to installation.
Walls - Water vapor retarders
Water vapor retarders are installed on the warm side of the skin to reduce the flow of moisture through the
skin where it can condense and cause damage. This is a continuous (or as continuous as possible) sheet
of plastic sheeting, aluminum foil, paper laminated with asphalt, a troweled mastic or some other water
impermeable layer. These generally have high-embodied energy costs and are derived from non-
renewable sources. Again, this might be an area of application for bio-plastics. Their performance is highly
dependent on quality construction.
Walls - Air barriers
Air barriers are similar to vapor retarders in that they restrict flow of a gas through the skin. They control
the flux of air into and out of a building's volume. Often the same material acts as both air barrier and water
vapor retarder, but it is important to note that air barriers prohibit the passage of air through the skin, but
may be permeable to water vapor. Air barriers are employed to prevent uncontrolled infiltration or
exfiltration and the associated problems these cause.
Walls - Structure
There are numerous sub-structural systems for walls. As previously discussed, dimensioned lumber, cold
rolled light gauge steel, and reinforced CMU wall constructions are all popular. It is important to note that
none of these systems are currently designed for disassembly or recycle-ability. If the other aspects of the
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skin system were easily separated from the structure, dimensioned lumber could be burned or composted
and the energy recovered, and steel can be melted and re-forged. CMU walls are extremely difficult to
disassemble due to the high strength grout; making recovery of any steel reinforcing difficult. Straw bale,
stone, brick and earth can also be seen as sub-structural systems, although there are problems in all of
these with the durability and fastening of the exterior and interior finishes. One interesting structural infill
system is the structural insulated panel system (SIPs). This is where rigid insulation is faced with two
sheets of plywood. These are installed on the exterior of a building frame and are often used in timber-
framed constructions to create a well-sealed building envelope with high thermal resistance. The interior
and exterior finishes are fastened directly onto the SIPs.
Walls - Interior finishes
Interior finishes are chosen to meet specific performance criteria for fire resistance, durability, structural
integrity, and acoustic insulation. Generally the substructure is faced with plaster or gypsum board, but
other products may be used as well provided they meet the performance requirements. Gypsum is an
abundant mineral found in nature, but is more often derived from byproducts of coal-fired power plants.
Gypsum has excellent sound and fire resistance, and can be made into boards or plasters. Gypsum
boards are 90-95 percent gypsum with fiberglass and other additives making up the difference. They are
typically faced with paper, but can be faced with foil or other finishes to control vapor or for aesthetic
purposes.
Besides gypsum, plaster can be made from Portland cement and lime and spread onto a number of
different bases, collectively called laths. These can be wood, expanded metal screens, gypsum or another
material.
Alternatively, wood paneling is often used as a high quality interior finish.
Paints, varnishes, stain and waxes all must be considered. Currently many of these products are either
toxic or derived from fossil resources. There are renewable sources for binders, solvents, pigments, drying
oils and other additives in paints varnishes and stains and these should be used whenever possible. Paint
is not reusable or recyclable, so any use is a permanent use of the resource and any released toxins will
eventually find their way into the environment.
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Walls - Glass
Glass is used to bring in light, views and solar radiation while protecting from weather and noise. Although
other materials have been used historically to perform these functions, glass is far superior to the rest.
Plexi-glass is a notable exception and is utilized, but glass more widely used. Glass is also used in
insulation material and made into fibers, which can act as structural reinforcement. Different ratios of raw
materials can be used, but generally glass consists of 59% silicon dioxide in the form of quartz sand, 18%
soda ash, 15% dolomite, 11% limestone, 3% nephelin, and 1% sodium sulphate. These lesser constituents
can be replaced with other minerals to yield glass with other properties. Glass' ability to absorb and reflect
light and warmth can be varied by adding thin films. Colored films lead to absorption glass, while metallic
films are reflective. Float glass, the most common type of glass sheet, is made by floating molten glass on
a bath of liquid tin and then passing it through an annealing lehr before being cut. The reserves of natural
resources for glass production are rich, but the metallic oxides used in making energy efficient glass are not
as available. The production process is highly energy intensive, and can release toxins to the environment
such as quartz dust, calcium chloride, hydrogen chloride, hydrogen fluoride, and tin and other heavy metals
used in colored glass. Clear glass can be recycled, but glass coated with films cannot. Windows and doors
are often manufactured as an assembly and can be reused as a unit.
Opportunities for biologically based systems
There are numerous opportunities for biologically based elements within the system of building skin.
Biologically based materials have been used throughout history to enclose buildings, but we are demanding
higher performance from our structures today than ever before. The emerging technology of biologically
derived plastics holds many future applications within the skin of buildings. These can be envisioned as
vapor and air barriers, as well as coatings or backings for natural fibers as insulation. Structural insulated
panels may be able to be made from entirely renewable resources as insulation foams become bio-based.
There is current research into the development of soy based foams. Bio-plastics may even be able to be
used as structure. One can envision straw, bamboo, or other plant fibers used as reinforcing for a rigid
plastic and used in a structural manner. Interior wallboards, papers, and exterior cladding all will be made
using these plastics. Adhesives, paints, binders, and solvents can all be derived from biological sources as
well. 107 Straw and other natural fibers will find increased application as insulation. As with any building
107 National Research Council, 2000, pg. 55.
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material, moisture must be controlled to ensure long-term functionality. This will be a critical issue in any
bio-based system. Other issues in using biologically based materials are resistance to fire, acidic
conditions, and solar radiation.
It is the author's opinion that at some point in a sustainable future two things will happen:
1. Buildings and their systems will be built for disassembly.
2. System components will be differentiated by the organic and inorganic waste streams and all resources
will be recycled, reused, or decompose organically
Unfortunately the cultural switch to using materials that decompose into organic material may be even
bigger than switching to an environment designed for disassembly. It will require increasing the agricultural
productivity of the planet and engineering new chemical and manufacturing processes. Yet, surely this
can occur in incremental steps with individual products replacing materials of non-renewable origin. This is
a more attractive solution that trying to mandate change all at once across the entire field of the design of
the built environment. Building skins, as components with shorter life spans, will find the first applications
of bio-based systems as opposed to foundations and superstructures.
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Design for a Sustainable Exterior Envelope
Now, with a better understanding of the various architectural systems and materials commonly used within
them, we can focus on the design of a bio-based architectural building system utilizing straw. Straw bale
construction has established itself in the "build-your-own home" sector of the residential market, but has yet
to find much application in the commercial sector. Its successes are a result of the material's good thermal
performance as insulation, and for this reason the design will attempt to define a construction methodology
that will allow straw to be utilized as insulation in building skins for commercial architecture. Straw has not
been used widely in commercial projects partially a result of its "earthy" image, but also because of the
limitations of the bales. When baled at a density between 7 and 11 pounds per cubic foot, straw has been
shown to provide a good level of thermal insulation, but as the construction morphology is currently
implemented the limitations are as follows:
1. Moisture level must be kept below 14% by weight to prevent rot.
2. R-value only 1.5/inch.
3. Non-uniformity of bale dimension.
- Requires structural reinforcement even in one story applications.
- Makes achieving tight moisture and air barriers difficult.
4. Bales currently plastered.
- Requires diligent monitoring.
- Plaster/Straw interface leads to cracking.
- Cracking leads to moisture penetration due to lack of rain screen.
- Moisture penetration leads to rot.
- Envelope not separable in deconstruction/demolition phase of building life.
- Plaster and metal lathe have high embodied energy.
The first two limitations are inherent properties of the straw, while the last two are limitations dictated by the
construction methodology. Therefore, the following design seeks to address the other limitations.
If the straw is encased in a rigid shell of uniform dimension, they can be arranged to create an airtight
barrier and will not require an additional stabilizing framework. Figures 40 and 41 present a sample design
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for a multilevel commercial building. The shells are made to fit tightly in between the floor slabs. The slab
would transfer the load due to the weight of each story's walls back to the superstructure. An exterior
cladding would be required to serve as a rain screen, which could be tied back to each floor slab for
stabilization. Windows and other openings could be framed into the cladding and would punch through the
layer of straw filled shells back to the inner finish layer (not shown in axon below). The design question
then surrounds the rigid shell. From which material is it made? How and when is it made? What is its form?
What is its performance for fire code? How is the straw held in a state of compression (as they are when
they are in bales)? What is the hygro-thermal performance of the straw filled shell in various climatic
conditions?
Figure 40 - Axonometric of straw filled shells in exterior envelope application.
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Because straw is a biological material, the ideal material for the rigid shell is another bio-material. This
allows the disposal method to be the same for all components of the system. Structurally, the best form for
the encasing shell would be a hollow box, which holds the straw in a state of compression from all sides.
The box filled with straw behaves effectively like a pressure vessel with a rectangular cross section. The
box could be made strong enough to support the building skin's finish layers. Unfortunately due to the
moisture content inherent in the straw when the wall is exposed to a temperature gradient, if the shell is not
permeable to water vapor, condensation may occur on interior surface of the dryer side of the shell.108 This
condensation concentrates the moisture and eventually leads to rot of the straw and/or shell causing
subsequent failure of the wall. 109 This leads to eliminating the side of the rigid box on the dryer side of the
building skin and allowing the straw to breathe on that side. At the same time, it eliminates the possibility of
the shell alone being able to keep the straw in a state of compression. Additionally, for optimal thermal
performance it is important that there are no large air cavities between the straw and the walls of the shell.
This will likely require that at least some straw is broken out of its baled condition and stuffed into cavities
because the size of the bales are not equal to the size of the cavities. When broken out of bales the straw
remains in identifiable flakes approximately 4" thick. The R value of loose straw is not known, but thought
to be higher than baled straw as a result of the lower density. If the shell were assembled lying flat, it could
be filled with these 4" straw flakes and other loose straw, and a piece of breathe-able fabric could be
stretched over it and attached back to the shell around the open edge of the shell. This fabric could be
fastened to the shell in a manner that would allow it to hold the straw in back in the shell in a state of
compression. Once the fabric is secured, the shell can be tipped up and placed into its position in the
building skin.
Fire issues can be addressed by protecting the insulation from flame and heat. This could be partially
achieved with fire rated drywall hung on the interior surface of the shell. The exterior side of the straw filled
shell will need to be placed in a structure with fire blocking to separate the stories of shells. The air space
between the cladding and the fabric will help to moderate the temperature of the surface. If these two
modes of fire prevention are not solely sufficient, fire retardant chemicals can be used to treat the fabric,
108 This will be shown in the later section on hygro-thermal simulations of designed envelope.
109 This brings up the common confusion regarding moisture barriers and straw bale walls. There is a lot of literature regarding
the need to let straw bale walls "breathe." This really means installing climate specific vapor barriers, usually on the warm, moist
side of the wall.
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shell, and/or the straw itself. Any prototyped designs will not be tested for performance in fire at MIT for
safety reasons.
The bio-based shell can be made of a number of materials including: engineered wood panels, straw
panels, cardboard, molded cellulose pulp110, and molded bio-plastic. Wood panels, straw panels, and
cardboard can all be shipped efficiently in flat pieces and assembled into shells on site, while molded pulp
and bio-plastic shells will be less cost effective as they may need to be shipped empty. Table 13 ranks
these options by strength, dimensional tolerance, moisture resistance, and availability in the building
products industry.
Table 13 - Material options for bio-based shell.
Moisture Availability
Product Strength Dimensional Moisture in BuildingPrdut trngh Tolerance (Drsitnc Products
Industry
Engineered Wood Panels High Medium High High
Straw Panels High Medium High Low
Cardboard Low Medium Low Medium
Molded Pulp Low Low Low Low
Bio-Plastic Medium High Medium Low
Of the above materials, the wood panels and cardboard are more
prototyping.
widely available and are thus chosen for
Prototyping Methodology
Three different prototypes have been made to demonstrate constructability and thermal performance.
Figure 42 is a picture of an MIT test chamber (used for thermal testing) with one prototype installed, and
the other two in front of it.
110 Molded pulp is widely used in the packaging and agricultural industries. In a conversation with Jim Gehl, engineer at Keiding
Inc., it seems that a shell could be molded to a thickness that would provide structural stability, although drying time, and hence
embodied energy, is increased with the thickness of shell
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Figure 42 - MIT test chamber with one prototype installed, and two other prototypes in front.
Although all three prototypes were made to fit the opening in the MIT test chamber, they are of different
dimension, material, and construction methodology.
In figure 42, the prototype labeled 1 is built of three stacked shells of cardboard filled with straw held back
with tied twine. The dimension of each cardboard shell is 24" wide, by 16" tall, by 12" deep. Instead of
using metal fasteners, its smaller size allowed it to be designed using bio-based glues, tape, and twine to
hold it all together. The thickness of the SBU shell walls is %", made from 1 sheet of %2" honeycomb, and
two sheets of 1/8" corrugated cardboard. The honeycomb shown in figure 43 is available from the
Charrette Company. There are, therefore, three layers of cardboard. The middle layer will be made of a
number of sheets spaced so that there are 1/8" grooves for the jute twine sit in. The twine replaces the
stretched fabric and holds the straw in compression. The twine is tied together with a bowline and a
trucker's hitch knot as shown in figure 44. It is all glued together using a non-toxic carpenter's glue and
reinforced with a cellulose based tape.
Figure 43 - 1/2" Honeycomb. Iii
111 Image courtesy of the Charrette Company, 2003.
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Figure 44 - Cardboard prototype; shell and knots. 112
The other two prototypes have a wood based shell made of pieces of oriented strand board (OSB)
reinforced with 1" x 1" studs at the edges and are stuffed with straw held back by stapled burlap, a jute
based fabric. The pieces of OSB were held together with nails and construction staples and were built as
shown in figure 45.
21'
INTERNAL SUPPORTS 1"
24~
OSE PIECES 1/2' THICK
Figure 45 - Construction plans for 5" wood shell.
112 Image of knots from 42nd Brighton (Saltdean) Scout Group, 2003.
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Both wood prototype shells were built to fit the 2'x 4' opening in the MIT test chamber, but they were made
to different thicknesses. The prototypes labeled 2 in figure 42 was made with shells 12" wide, while the
prototype labeled 3 was built with a shell 5" wide. Figure 46 shows images of this prototype being stuffed
with straw before the burlap was stretched and stapled to the OSB.
Figure 46 - Images of 5" wood prototype prior to stapling.
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Results and Interpretation
There is an environmental test chamber on the roof of building 3 at MIT. This chamber was constructed for
another research project in 1999 by Nicho Kienzl, supported by the Marvin E. Good Research Award. It
was theorized that this chamber could now be used to accurately test thermal characteristics of wall
assemblies. While this may be theoretically possible, testing demonstrated that the limitations of the
equipment and test conditions available prevent accurate results from being gained.113 Attempts were
made on each of the wall prototypes. The expected R value per inch was around between 1.5 and 3, yet
only in one of three tests was a result close to this found. The other two results indicated an R value of an
order of magnitude higher. Table 14 presents the calculated R per inch values for the three prototypes,
with graphs given in appendix F.
Table 14 - Calculated R values for Prototypes
Prototype Calculated R value per inch
12" Cardboard 2.1-5.0
12" Wood 8.3-15
5" Wood 12-30
While an accurate steady state R value was unable to be measured, the raw data from the tests
qualitatively indicate the systems effectiveness as insulation. The density of the straw in the three
prototypes is presented, and the settling and durability issues with the prototypes are discussed. Finally, to
give designers more faith in the designed wall system, hygro-thermal computer simulations are performed
on the designed wall envelope for three different North American cities. The results of these tests and
simulations are now presented.
Temperature Data from Thermal Testing
The MIT test chamber is an insulated building containing within it a super insulated box with one test wall.
Since the test wall has lower thermal resistance than the other surfaces in the box, given an elevated state
of energy in the box, the majority of the heat flow should go through this wall as it has a lower R value and
is exposed to a more severe temperature gradient. Plans and sections of the MIT test chamber set up are
113 The full testing methodology and results can be found in Appendices C-F.
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shown in figures 47 and 48. An attempt was made to quantify the heat flux through the test wall by
measuring surface and air temperatures and summing calculated radiant and convective flows of energy.
Theoretically, once heat flux (Qcond) is known across a temperature gradient (T2 - T) for a given wall area
A with thickness Ax , conductivity (the inverse of resistivity) can be calculated:
k = QcodAX
A(T2 -T)
(Eq. 1)
hotzSUne C
eJJ
Figure 47 - Floor plan of MIT test chamber.
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Figure 48 - Section through MIT test chamber.
While the errors involved with the sensors, both in time and temperature, prevent the accurate calculation
of R value, the temperature results from the tests do indicate that the prototypes provide a good level of
insulation. The test walls are tested at night so that there is no incident solar radiation on the exterior side.
This ensures that heat flow is occurring from the inside of the chamber to the environment. Temperature
measurements are taken on both surfaces of the test wall (interior and exterior) and the five other surfaces
of the test box as shown in figures 47 and 48. The temperature differences between the surfaces coupled
with the geometry of the test box enable radiant heat flow to any surface to be calculated. Air temperatures
are taken in the test box and in the other part of the MIT test chamber. The temperature difference
between the test box air and prototype inner surface are used to calculate convective heat flow.
Temperatures are taken over an eight hour period using HOBO temperature loggers available from the
Onset Corporation.
The temperature sensors are taped to the surfaces with masking tape in the center of the surface's area.
Once the loggers are secured to their respective test surfaces (or suspended in the air), an MSR
international stove is burned with white gas for 15 minutes to add heat to the box. This is similar to an
impulse of energy hitting the test box system. Electricity was unavailable in the roof top test chamber, so
this was the only method of adding heat to the chamber. Had electricity been available, perhaps a steady
state response to a step input could have been measured, but as the response to an impulse function for
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these walls goes to zero at steady state, the values for Qond measured were close to zero. As it is close to
zero, its accuracy must be high in order to yield good results. This was found not to be possible due to the
time and temperature resolution problems associated with the sensors.
Once the burn is finished, the stove is removed and the rear surface of the box is taped in place to ensure a
good air seal. The rear surface is then insulated with three sheets of 2" Expanded Polystyrene insulation
board (-R 24), and the test chamber is vacated and sealed by the test operator. The exterior surface of the
test wall is the burlap for the wooden prototype, and the exposed straw for the cardboard prototype. This
surface is not exposed to the actual outdoor environment as there is a sheet of plywood and an air space
(rain screen) protecting the burlap or straw.
Figure 49 - Thermal test (burn phase) in progress.
The software BoxCar Pro is used to run the loggers and retrieve the data. This data is compiled using
Microsoft Excel, and fed into a MATLAB program, which calculates the thermal resistance for the test wall
based on the procedure presented in Appendices C-E. Due to the inaccuracies in the calculated R values,
these results are not shown, but the raw temperature data for each of the tests is now presented in figures
50-53. In all of these tests the temperature in the box rises as the stove is being burned and then stays
warmer than the temperature in the rest of the test chamber. They both stay above the outdoor
temperature. This indicates the effectiveness of the prototypes as insulation.
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The cardboard prototype was test on April 8, 2003 starting at 8:40 PM. Figures 8-10 shows the
temperature data from this test.
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The test for the first wooden prototype was on 20 Apr 03, beginning at 11 PM. Figure 51 shows the data
from this test, the 12" wide wood shell.
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The test for the second wooden prototype was on 26 Apr 03, beginning at 1 AM. Figure 52 shows the data
from this test, the 5" wide wood shell.
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Figure 52 - Temperatures of test sensors for wood prototype (5" thick wall).
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Density of Straw in Prototypes
In order to achieve a desired R value, the straw must be in a state so that air cannot circulate through it,
otherwise air movement can carry the heat away at a faster rate by convection than would occur through
conduction alone. Although there is probably an optimal density for the straw to provide the highest level of
thermal resistance, tests have not been performed to determine what level this is. Additionally, the fire
resistance of the straw is linked to it being in a relatively dense state (low oxygen). Therefore, the
prototypes attempted to achieve a straw density comparable to the level of a bale of straw so as to match
the R1.45 value from ORNL and achieve some level of fire resistance. The density of the straw bales used
in construction is usually between 7 and 11 pounds per cubic foot; this is most important for structural
reasons. In order to measure the density of the straw in the prototypes, first the shell was weighed, and
then the entire prototype; an industrial scale with markings at every digit was used. The weight of the straw
is the difference in these two numbers. The volume of the straw varied in each prototype and was
estimated with the CAD program used to generate the construction drawings. Table 15 presents the
density results.
Table 15- Density of straw in various prototypes.
Prototype Mass of Straw Volume of Density
(Ib) Straw (ft3) (lb/ft3)
Cardboard Shell (ea.) 9.0 2.124 4.2
5" Wood Shell 12.0 2.811 4.3
12" Wood Shell 30.5 7.068 4.3
The density of straw in all three prototypes is lower than the desired level of 7-11 lb/ft3. This indicates that
by breaking the bales and re-stuffing them into the shells, the high density is not able to be maintained with
the methodology used. As this level is below all listed levels from Appendix B, it also indicates that the
system cannot be reliably depended on to offer a quantifiable level of thermal resistance without further
testing. At the same time, the density of the straw in the prototypes is denser than the values given by
ASHRAE for blanket and batt insulations (0.3-2.0 lb/ft3), which have an R value of approximately 3.7 per
inch. This indicates that the R per inch value for straw insulation will be lower than 3.7 and greater than
1.5. It is difficult to say whether the decreased density will lead to the oxygen content rising to hazardous
level for fire. Without further testing for both of these issues, the straw filled shell will not gain acceptance
in the commercial building market.
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Settling of Straw and Durability of Shell
Regardless of the level of thermal protection offered by straw baled at a density of 4.3 lb/ft3, it will be
compromised if the straw settles leaving large air voids in the shells. The limited time of testing allowed for
only a two week span to be observed. It was observed that the straw in the cardboard shells settled while
the straw in the wood shells did not. This was a result of the stapled burlap providing a distributed restraint
over a larger area of straw than the tied twine. In terms of durability, surfaces of the cardboard prototype
were easily damaged (torn or otherwise) during installation, while the OSB performed well. For these
reasons, further tests should concentrate on prototypes of wood shell construction.
Hygrothermal Simulations -WUFI
WUFI-ORNL/IBP (WUFI) is software available free of charge at the Oak Ridge National Laboratory's
website. WUFI allows realistic calculation of the transient hygrothermal behavior of multi-layer building
components exposed to natural climate conditions, and has been validated using data derived from outdoor
and laboratory tests. 114 This allows designers to check designed building skins for moisture related
problems. The designer is able to specify layers of materials comprising a typical wall section and expose
them to various climate options for a typical calendar year. There are many options for material layers,
although at this time there is no listing for straw. There is, however, a listing for flax with a value for thermal
conductance given at 0.04 W/mK. This value is inline with other insulation materials, but the density of the
material is calculated at 49 lb/ft3, which is much higher than baled straw.115 Perhaps this material is
compressed straw panel, but no source information other than IBP is listed. To clarify the issue, two emails
were sent to the contact person given on the website. Unfortunately, no reply was received.116 Given this
uncertainty, a small study of the designed building skin was performed for three climates in the United
States using flax in place of straw.
114 Oak Ridge National Laboratory, 2003.
115 From the WUFI help file: True density = bulk density/ (1 - porosity). Given bulk density = 38. 5 kg/m 3, given porosity = 0.95.
38.5 7 0 kglm (2 b lb
True density = p = = 77 2.2b 49 lb(1-0.95) m 3 3.25ft 1kg ft
116 The contact person is Dr. Achillies Karagiozis; to Dr. Karagiozis' credit, the author later learned that he was on an extended
sabbatical at the time the first email was sent. The author is now in contact with Dr. Karagiozis, and hopes to clarify this issue
soon.
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For the study, the use of and location of a vapor barrier, along with the associated orientation of straw filled
shell, was investigated using the climates of Boston, Massachusetts; Minneapolis, Minnesota; and Los
Angeles, California. For the simulations, the wall sections all used an outer layer of old brick followed by a
25mm air space. This is effectively the rain screen, but as brick is a porous material it will remain wet for
extended periods of time. This extended wetness should accelerate potential moisture problems with the
straw making its weakness more apparent in the simulations than if another rain screen system were used.
The next layer to the inside depends on the orientation of the shell in the simulation. For shells that breathe
to the exterior, the flax (straw) is the next layer followed by the OSB, a polyethylene sheet, and the finish of
gypsum board. For straws that breathe to the interior, after the 25mm air space is the PE sheet, then OSB,
then straw, then another 25mm of air, and finally the finish gypsum board. All air spaces are actually
spaces for studs or other structure to be located, but are predominately air filled cavities and are simulated
as such. The third simulation used no PE sheets at all with the OSB on the inside of the straw. This would
be the least expensive construction. The burlap is assumed to have similar properties as the straw itself,
and is thus left out of these simulations. The environmental choices were taken as the default: a South
facing wall of low rise construction with the coldest weather year and the medium level of thermal
conditioning for the interior (no air conditioning). As the simulations run, a film is shown displaying
temperature and moisture conditions for the full wall section in hourly time steps for a calendar year.
Figures 53-55 show the results for the various climates and configurations. For each wall section there are
two results on each graph: water content and relative humidity. Water content is the lower dark line and
shaded area with values read from the left hand axis; relative humidity is the upper dark line and shaded
area with values on the right hand axis. The range of values for each of these metrics for the full year
simulation can be seen by the shaded area surrounding each dark line. The line represents the current
values for the wall section at each moment in the film (in this case at the end of the simulation). If relative
humidity becomes 100% at any point in the flax, condensation will occur which is indicative of subsequent
rot and failure of the straw. Therefore, if the upper shaded area touches the top of the graph at any point
of the straw layer, the construction is not sound.
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Figure 53 - WUFI simulations, Boston, Massachusetts.
Here the results show that a polyethylene vapor barrier on the exterior side of the straw filled shell creates
condensation at the outer edge of the layer of flax (inner edge of OSB layer). This is the dryer side of the
wall (due to the temperature gradient in winter) which supports the hypothesis that a vapor barrier should
be hung on the moister side of a straw wall. Interestingly, the wall with no PE performs just as well as the
wall with it. Therefore, the vapor barrier may be able to be eliminated for general applications in this
climate. This will reduce the cost of the wall, although it is likely that in more humid interior spaces (e.g.
wash rooms, laundry, food preparation) a vapor barrier will still be needed.
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Figure 54 - WUFI simulations for Minneapolis, Minnesota.
In Minneapolis, the results show that a polyethylene vapor barrier on the exterior side of the straw filled
shell creates condensation at the outer edge of the layer of flax (inner edge of OSB layer). Like the Boston
simulation, this is the dryer side of the wall. Interestingly, the wall without a PE vapor barrier seems to
perform better than the wall with one. This may support the hypothesis that both sides of a straw bale wall
should be allowed to breathe. Before any firm conclusions on the matter are established, further
simulations must be coupled with learned information about the WUFI material "flax" and its properties.
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Figure 55 - WUFI simulations for Los Angeles, California.
In Los Angeles, all three simulations are free of condensation. Therefore the wall without PE will be chosen
for economic reasons. It is difficult to say which wall performs best, although it looks like the one with no
PE sheeting has drier brick over the course of the year.
Provided the assumptions about the similarity between straw and flax are valid, the simulations
demonstrate that it is possible to use straw as part of a thermal envelope without fear of rot in three specific
situations. This fact coupled with the thermal performance in the MIT test chamber support the notion that
the straw filled shell is a viable insulation system for commercial architecture, although a measured R value
is most likely needed before any commercial success can be gained.
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Discussion
The testing and simulations performed on the bio-based prototypes indicates that straw has the potential to
be used as a material component in some sustainable building skins. But, even if the straw filled shell
insulation system allows standardized designs for commercial architecture, straw should continue to find
limited use in commercial architecture until designers understand the appropriate situation in which to use
it. Additionally, composting infrastructure needs to be developed in order to allow the organic cycle to
close, and non-toxic, non-destructive methods of managing the global biological resource base must be
implemented. We are a far way from this eventual reality.
Principle of Diversified Longevities
Every building utilizes materials throughout its life. In order to realize sustainable design in architecture, we
must begin to fully consider the effects these materials have on resource consumption and toxicity. Some
materials used to create building components are produced from biological sources and can be renewed
indefinitely provided the resource is managed effectively. Other materials are derived from mineral
reserves, which are fixed in terms of quantity and availability. Once a particular component has reached
the end of its useful life, it can be reused elsewhere, recycled, or returned to the environment. In the future,
the production of building materials will have to satisfy the criteria of being a non-toxic, low resource
consuming process. Materials that are produced from solely biological sources break down easily and
return to the environment in a non-toxic manner. The raw material can be composted and aid in the
production of new materials. Products derived from mineral resources are often recyclable, but care must
be taken in their design so that they are produced in a manner that facilitates this. Additionally, building
systems can be designed in a manner that facilitates their easy reuse, recycling or return to nature. This is
known as design for disassembly.
Much of the research into sustainability in architecture has been focused on reducing energy consumption
of buildings by means of utilizing passive services for providing the interior environment of buildings. Other
research has focused on the optimization of servicing systems for efficient operation. This research is
focused on the day-to-day use of an inhabited building and generally does not consider time spans of
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greater than a year. When a building is not being utilized operational energy must still be employed to
prevent the degradation of the building itself, either through development of moisture (and subsequent
damage to the building) or vandalism. Buildings have negative effects on their local ecological cycles
(either by interrupting the water cycle, or simply taking land away from C02 consuming vegetation).
Therefore there is an ecological argument for having the least amount of buildings as possible at any time
in one environment. Additionally, there is a huge amount of resource consumption associated with the
construction of new buildings and their eventual demolition. In Canada, for example, 25% of Canada's
solid waste is from the Construction and Demolition industry (C&D). 117 Because of this, there exists an
opportunity for significant ecological and economic savings in designing buildings for adaptive reuse,
recycling, or organic decomposition as the population dynamics of its inhabitants change in time.
In the commercial sector, corporations consistently build buildings that are inflexible, and the dynamic
nature of the free market economy makes them unsuitable for use within 10 years of occupation. This has
led to many buildings being prematurely demolished and a tremendous amount of associated resource
consumption. The risks associated with a building project can be reconfigured by envisioning development
as a collection of buildings with different ranges of lifetimes instead of the typical single building designed
for one lifetime. This is known as Diversified Lifetimes. 118 This could potentially have economic and
environmental benefits by allowing corporations to expand and contract with business cycles. It may also
allow corporations to lease and/or reconfigure distinct parts of a development project to other usages
(residential, industrial, or other commercial) throughout individual building's lifetimes by using flexible
designs. In order for developers to consider using multiple buildings with diverse lifetimes as a strategy, a
better understanding of the ecological and economic impacts of different materials, components, structural
systems, and the joints that hold the architecture together is needed. This understanding should include
the cradle-grave energy needed for each component, lifetime environmental pollution associated with
components' production and operation, and an analysis of how different component systems foster or
inhibit adaptive reuse within buildings. If buildings are to be effective in responding to corporate changes,
the time and energy needed for erection and/or reconfiguration should be considered as well. For this
reason, traditional construction techniques may be forsaken for rapidly assembled and easily disassembled
structural systems. Demountable interior walls, ceilings, floors and finishes also need to be considered and
118 Fernandez, 2002.
117 Kyle, 2001.
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further developed. By coupling a better understanding of how buildings can be designed to change over
time and the associated costs of this flexibility with business scenario planning we can attempt to design
modern offices to flex and adapt to both internal pressures (financial and other) of the organization and
external pressures of the community and its ecology.
Definition of Building Lifetimes
A number of standards have been proposed for predicting the design life of buildings. The design life is the
expected service life that a properly maintained component, system or building is meant to achieve under
prescribed performance conditions. 119 The British Standard BS7543 - 'Guide to Durability of Buildings and
Building Elements, Products and Components' gives recommendations for design life of buildings as <10
years, >10 years, >30 years, >60 years, and >120 years. Components are divided into three levels,
replaceable, maintainable, or lifelong, plus the level of maintenance required. The Canadian Standard
S478 - 'Guideline on the Durability of Buildings' recommends lifetimes of <10 years, 10-24 years, 25-49
years, 50-99 years, > 100 years with levels of maintenance fro components divided into little, none,
significant, and excessive. The Japanese guide 'Principal Guide for Service Life Planning of Buildings' has
nine classes with representative values of planned service life of 3, 6, 10, 15, 25, 40, 60, 100, and 150
years.120 Clearly there are not internationally accepted standards on different service lives of buildings and
components, but the important thing to recognize is that different types of buildings and components are
more suited to different lifetimes, each needing some level of maintenance to achieve its design life. The
author defines the lifetimes of buildings and building components as belonging to one of five classes:
1. Very short term (0-5 years)
2. Short term (6-20 years)
3. Medium term (20-60 years)
4. Long tem (60-100 years)
5. Very long term (100+ years)
At the end of a building system's lifespan, it will be disposed by land-filling, recycling (down-cycling), reuse,
or organic decomposition. The matrix shown in figure 56 shows the reprocessing energy required for each
119 Nireki, 1996.
120 Soronis, 1996.
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of these disposal processes as well as the amount of resource loss. Based on these facts, it suggests the
appropriate disposal technique based on the system lifespan.
Figure 56 - Matrix of disposal processes for various building system lifetimes.
Resources and their cycles
Envision the earth, rotating on its axis, revolving around the sun. This is all one needs to understand in
order to grasp the fundamental concept of sustainability. The earth's resources are finite. Nothing with the
exception of the constant input of solar radiation and the occasional meteor are added to the system. The
earth dumps energy to outer space in the form of weather, but other than this, not much leaves. But, with
only a fixed planet we need to better manage our finite resources and better utilize our renewable
resources - solar; which breaks down further into radiation, weather (wind, hydro, & lightning), and
biological; and geothermal and tidal energy. To sustain human life, one needs food, shelter, and water, but
culturally we demand a lot more. Is it possible to provide the high quality of life that many of us in the first
world have come to expect to all peoples for generations upon generations? Perhaps, at least the quality
can be provided, yet the materials and products that provide this quality must change in order to be able to
provide it. The way in which many countries currently consume resources and harm the environment is
clearly not sustainable.
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Resources can be broadly classified into four categories:
1. Infinite - will provide for as long as the earth exists with or without human interference. These
are solar radiation, geothermal, wind, and tidal energy.
2. Infinite if managed correctly - these resources will provide for as long as they are managed in
a sustainable manner. Agriculture, forestry, and other biological sources can reproduce
themselves provided their ecosystems are not destroyed or they are not over harvested.
These are huge uncertainties, especially considering the consumption levels of nearly every
resource we use today. These materials can be used in applications that last hundreds of
years, but inevitably they must return their carbon to soil and provide nutrients for new growth.
3. Finite but plentiful -- These are materials like earth, clay, and sand that are extremely
abundant. Although from a strictly logical argument, we should be concerned about the
eventual depletion of these resources and focus attention to the reuse/recycling of these
materials, it seems more important to focus our attention on the conservation of the next group
of resources.
4. Precious - certain resources are extremely limited and are no more than a few generations
away from being so depleted that obtaining new raw material will become economically
unjustifiable. Fossil fuels are notable examples of this, but metals, especially iron, are also
worthy of attention. At present consumption rates, the reserve of iron ore is around 100 years
and zinc is only 50 years. 121 These numbers are not exact and will change as recycled
products are economically forced to account for a larger percentage of consumption, but the
important thing to realize is that these reserves are being diminished.
121 Annual consumption divided by estimated reserves as estimated by the USGS. Data available at:
http://minerals.usgs.gov/minerals/
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Sustainability is meeting the needs of this generation
without compromising the needs of all future generations.
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Figure 57 - The availability and cycles of building materials.
With this classification in mind it becomes evident that built environment will be forced to undergo a
massive change at some point in the not so distant future. Construction systems will be designed for
disassembly in order to better facilitate the recapture of precious steel and other metals. Life spans for
buildings will be more fully considered as demolition and material costs rise. It will no longer be responsible
to "trap" steel in concrete for ordinary applications. Buildings will be designed to come apart and this
design for disassembly will enable waste streams to split into distinct paths. A whole new industry of
building salvage has begun to emerge in order to facilitate the reuse and recycling of building materials.
The entire system of waste management would need to shift in order to handle many distinct waste
streams. Than an infinite supply of resources can be had for all generations. This type of infinity should be
thought of not as linear, but as circular. Closed loops where waste equals food are critical to their
sustainability.122 Regional composting facilities will process building components of biological origin and
return the product in usable form to farmers while recycling plants for metals will become more efficient and
available. Agricultural systems will need to increase productivity to account for the increased use in
materials of biological origin, and must do so in ways that do not destroy the world's ecosystems.
122 McDonough, W. 2002a.
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Eventually all the energy needed to drive these systems must be of renewable origin. If all of these things
happen, a sustainable future may just be possible.
Toxicity
All materials can further be classified as toxic or non-toxic. Toxic materials consist of chemicals that
endanger human health either directly by causing disease or indirectly by harming the environment and
interfering with natural cycles. While the number of chemical elements is for all useful purposes fixed at
106, there are an infinite number of combinations each with different effects on human health and the
environment. Therefore, sustainability in terms of toxicity means that we should not put toxins into the
environment at rates greater than the environment can assimilate them. While the environment may have
some capacity to absorb toxins, the persistence of these toxins varies greatly. This implies that in the
future designs that favor non-toxic solutions will slowly replace toxic solutions as environmental
capacitance is used up. The major non-toxic elements found in living matter are oxygen, hydrogen, carbon,
nitrogen, sulfur, and phosphorus. The major non-toxic elements in the earth's crust are silicon, iron,
aluminum, calcium, magnesium, sodium, and potassium. The known elements and compounds directly
toxic to human health are lead, mercury, zinc, cadmium, uranium, radon, and hazardous organic
compounds like dioxins.123 Additionally, other chemical compositions of non-toxic elements like carbon
dioxide disrupt greater environmental processes by contributing to the green house effect. Although the
government disseminates some information about these toxins, and some regulations to protect the public
exist,124 corporations must take greater initiative to avoid the use or production of any toxins in the
manufacturing of products.
123 O'Neill, 1998.
124 The US Environmental Protection Agency maintains a list of toxic substances. This is available online at:
http://www.era.cov/iris/index.html
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Implications to Agriculture
As shown in figure 57, at some point in the future we will be forced to more fully utilize renewable resources
both as energy sources and as material sources. Using renewable material implies a dependence on
agricultural systems to provide these materials. Included in the author's definition of agriculture is forestry
or other non-food based industries that are based on the cultivation and growth of plants. The state of the
world agricultural system is not good. Released in October 1995, a report from the International Food
Policy Research Institute presented a consensus reached over the previous two years by hundreds of
agricultural experts from government, non-governmental organizations, academic institutions, and national
and international research centers. Among the report's conclusions125:
1. In 1995, about 800 million people (20 percent of the developing world's population)
could get access to and afford enough food to lead healthy and productive lives.
2. 185 million children younger than six are seriously underweight for their age. Both
malnutrition and food insecurity are concentrated in South Asia and Sub-Saharan; in
Sub-Saharan Africa, the number of malnourished children may increase by 50%
between 1990 and 2020.
3. In the 1980s and early 1990s, increases in food production did not keep pace with
population growth in more than 50 developing countries.
4. Over the past half century, about 2 billion hectares of agricultural land, permanent
pastures, and forest and woodlands have been degraded. Each year, about 5 to 10
million additional hectares become too degraded to use.
These statistics are not promising, especially considering that world population is still increasing and we are
losing soil annually. In 1994 the US department of Agriculture reported that approximately 12,000 pounds
of soil were being lost per acre per year from wind and water erosion of land farmed with large-scale
techniques, and the rates of loss in developing countries are even higher.126 The state of the world's
125 World Resource Institute, 1997.
126 Ecology Action, 2003, - information originally from Summary Report 1992 National Resources Inventory, by Soil Conservation
Service, USDA, Washington DC, 1994.
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forests is also dire with the World Resource Institute reporting, "The ongoing deforestation and degradation
of the world's forests shows little sign of abating." 127
Facing these problems it seems that the only way we will be able to utilize more renewable materials in the
future is if there is a massive shift in the agricultural system. We've already had one agricultural revolution,
the author believes its time we have another one. But this time, the revolution will be in the way we
process our waste. Land-filling as it is currently practiced will be looked upon as foolish. As previously
mentioned, regional composting facilities will need to be developed to process the organic waste stream
into usable soil.
Currently 30% of US waste stream is organic yard or food waste. If this waste is put in a landfill, it breaks
down in an anaerobic environment producing greenhouse gases. Incinerating moist organic waste is
inefficient and results in poor combustion, which disrupts the energy generation of the facility and increases
the pollutants that need to be removed by the pollution-control devices. Composting these wastes is a more
effective and usually less expensive means of managing organic wastes. Composting is the transformation
of organic material (plant matter) through decomposition into a soil-like material called compost.
Invertebrates (insects and earthworms), and microorganisms (bacteria and fungi) help in transforming the
material into compost. Composting is a natural form of recycling, which continually occurs in nature. It can
be done successfully on either a large or small scale, but the technique and equipment used differ. As we
move to a more urbanized world, it seems that composting will be done on a regional level in order to be
more effective. Fast or active composting can be completed in two to six weeks. This method requires three
key activities; 1) aeration, by turning the compost pile, 2) moisture regulation, and 3) the proper carbon to
nitrogen ratio. Attention to these elements will raise the temperature to around 130-140 F, and ensure rapid
decomposition. These activities can be controlled at large scales and we are starting to see regional
composting facilities utilizing in-vessel systems develop worldwide. Many of these projects are specifically
catered to the processing of livestock waste, but some municipalities have started to add composting
facilities to their recycling plants. Composting is starting to become a viable economic alternative to land-
filling in areas where land is precious.128
127 WRI, 1994.
128 Renkow and Rubin, 1998, pg 339.
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At the same time as regional facilities develop to process compost; we need to ensure that toxins are not
being mixed into this waste stream. Currently composting facilities also can mix in sewage sludge, which
due to lax regulations often contains toxins from industrial processes. While these toxins may not be
directly absorbed into human food, they enter into the environment and can have detrimental effects on
other organisms or environmental processes. We have a clean air and clean water act, perhaps before we
rush into implementing this new waste cycle we should implement a clean soil act.129
Additionally, the current state of agricultural economics tends to favor large-scale farming, which generally
uses synthetic materials to increase yields. We have recently begun to see a transition to organic farming
but it needs to eventually become the norm. "Organic agriculture is a holistic production management
system which promotes and enhances agro-ecosystem health, including biodiversity, biological cycles, and
soil biological activity. It emphasizes the use of management practices in preference to the use of off-farm
inputs. This is accomplished by using, where possible, agronomic, biological, and mechanical methods as
opposed to using synthetic materials, to fulfill any specific function within the system." 130 Furthermore, until
we shift to a non fossil fuel based transportation system, the transportation of anything should be limited to
the greatest extent possible. This indicates that we should be using a more regionally based agricultural
system than we currently are. Currently there are also inefficiencies in the diet of most developed
countries. Fifty-six percent of U.S. farmland is devoted to beef production and it takes sixteen pounds of
grain and soybeans to produce one pound of edible flesh from a feedlot cow. 131 If we shift to a diet based
more on vegetable sources of protein, we will not only increase human and environmental health, we will
also free up cropland for reforestation or production of other biological resources.
Only by coupling this understanding of resources with knowledge about toxicity and the environmental
impacts of using more biologically renewable resources can we precede towards sustainable design
solutions.
129 This idea was first proposed to me by Scott Stokoe, Manager of Dartmouth College's Organic Farm, in Hanover, NH.
130 Definition proposed for adoption by the FAO/WHO.
131 Robbins, 1987.
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LCA of Straw Filled Shell
Every building material uses natural resources in its production. The straw filled shell uses high strength
engineered wood panels, straw, burlap, and metal fasteners. The wood panel shell uses wood in an
ecologically preferable manner because it can use the fibers from wood of all sizes. This reduces the
amount of wood waste in manufacturing and increases the options for timber management as small trees
can be harvested to supply the fiber for these products. Thinning the small trees from forests allows other
trees to grow larger producing valuable wood for lumber or veneer. This practice is a part of what is called
timber stand improvement. So long as the wood comes from a well managed plot of forest, this is an
appropriate use for the resource. The binders used to hold the wood fibers together are currently either
formaldehyde based or benzene based MDI. These binders are part of the precious resource base with
high embodied energy and are possibly toxic; either in the processing stage or the use phase if they off
gas. MDI binders are better than formaldehyde binders in this respect, and also perform better with
moisture resistance and durability. They are both non-toxic when composted at the end of use phase. As
bio-based polymers are developed through genetic engineering, perhaps we will see replacements for
these precious binders. The burlap and the straw are low embodied energy materials as they are minimally
processed from their original state. The metal fasteners are indeed part of the precious resource based,
but potentially could be recovered and put into the recycled resource base at the end of use phase.
Alternatively, ceramics or other materials could be used as fasteners.
Insulation products are difficult to reuse because they are only effective when they fit an area well. As
every building is of different dimension, insulation products are usually cut to specific dimensions when
buildings are assembled. Some insulation products are in part recyclable, but for the most part these
recycling processes consume a large amount of energy. The straw filled shell allows the insulation to be
disposed of at the end of use phase in an organic manner. This is actually a low energy form of recycling
which allows nature to do the work. If properly composted, the nutrients in the straw, burlap, and wood will
be broken down and the compost will be utilized to grow more bio-based materials.
As the straw filled shell also serves as an interior sheathing, its use really extends beyond just the
insulation. For this reason it is difficult to compare the straw filled shell to other types of insulation directly.
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Conclusion
It is the author's opinion that along with wood, bamboo, and other fibers; straw will become a major resource for
biologically based building materials. The design presented for a straw-filled bio-based shell as the insulation
system for commercial architecture holds promise as an environmentally preferable alternative for designers.
The shell could be shipped to the site as precut panels and studs and assembled. The most immediate
applications will probably use metal to fasten the shells together. The assembled shells could be laid out on the
floor slab and stuffed with straw. Contractors could schedule delivery of the straw to occur after the shells were
assembled to eliminate the need for large areas of dry storage. Fabric, most likely some burlap-like material,
could be stretched over the straw and secured back to the shells holding the straw in a state of compression.
The straw filled shells would then be tipped up and put in their respective places. This all would happen after
the superstructure and rain screen are in place so as to minimize the straw's exposure to moisture. The interior
surface of the shell would be faced with a gypsum based panel to provide adequate fire protection. For the
exterior surface, the structure of the rain screen could be designed to provide blocking at each floor slab for fire
prevention. This structure and the cladding could work together to allow drainage and air circulation at each
story as well.
Figure 58 - Representation of straw filled shell design; axonometric and section.13 2
132 Larger depictions of these images can be found on pages 83-84.
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As designers are now used to prefabricated building components, these dimensional shells enable straw to
find potential application in a much larger sector of the building industry than traditional applications of
straw. This is already being attempted: companies designing straw panels have attempted to introduce
straw to the commercial building market, but the high infrastructure needed to produce these products has
limited their manufacturing capabilities. The straw filled shell bypasses the need for infrastructure as it
assembles well established building products.
While the test results show the design to be promising with regard to hygrothermal and thermal
performance, application should be limited to certain areas in the near future. These areas are regions
where straw is a local commodity. These are usually agricultural or near agricultural areas, as straw is the
byproduct of many cereal crops directly and other crops indirectly when grown as a winter cover. The
straw used in any application should be grown in a location where its removal from the ecosystem will not
cause soil loss or other harm to the system. As straw should only find application in regions close to the
resource, it should also only be used in regions where local composting is available. This mode of disposal
should be employed at the end of use phase to ensure that the organic nutrients in the straw, OSB, and
burlap return to their natural cycle. Unfortunately, in agricultural regions, land is generally less expensive
making land-filling the most financially attractive disposal method. On the other hand, people in agricultural
areas are generally familiar with composting, so development of regional facilities is more likely.
Regardless, there still may be markets for the straw filled shell in the near future in urban areas surrounded
by agricultural regions where composting facilities are available. Another specific application for the straw
filled shell might be temperature conditioned warehouses. These warehouses are often in places with
lower real estate values, so the thickness of the building skin is less important in building design.
More testing is obviously needed before the straw filled shell is used in any commercial project. First of all,
full skin prototypes should be constructed and tested for fire performance. The cladding and interior finish
are critical in protecting the straw filled shells. Settling of the straw, which would leave cavities in the shell
needs to be designed against. It is the author's opinion that the fabric stretched over the straw will hold the
straw in a state of compression, preventing further settling, but this prediction can only borne out with
extended testing. Additionally, the height of the shell may be a factor in settling of the straw. Settling is a
major issue with contemporary straw bale building, but this may be a result of the straw/plaster interaction.
Hence, it seems that the straw will be less likely to settle without the weight of plaster acting on it. Further,
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tests need to be performed to demonstrate that the straw filled shell (OSB in particular) breaks down in a
way that is truly non-toxic. Finally, until the questions surrounding the material flax in the WUFI dataset are
clarified, there should be moisture meters installed with initial applications so as to detect problems.
Facades can be made demountable to allow access to the straw for inspection and possible replacement.
More analysis can be performed on the wall to figure out its actual thermal resistance, but it involves more
advanced equipment and more advanced mathematics. Minimally, a heat flux meter is necessary to get a
more accurate measure of the heat flux through the wall. The most accurate measuring device is the hot
box testing apparatus owned and operated by Oak Ridge National Laboratory. Until better data is available
on the straw filled shell, designers will be hesitant to use it.
Regardless of the actual thermal resistance of the straw filled shell, the raw temperature data gives
indication that the system can work well as insulation. The bio-based shell manufactured to high
dimensional accuracy will enable designers to use straw in building applications previously avoided. This
design is part of a larger trend in architecture of separable building systems, manufactured separately and
brought together to be assembled on site. High performance building skins in the future will be designed as
separable subsystems each with a specific purpose. As anticipated life spans of buildings and their
systems factor more into the design decision process, materials will be chosen to meet these life spans.
Biomaterials can last any length of time if maintained in specific environmental conditions, but they
decompose naturally in a composting environment. As a result, building skins, which are generally
designed for shorter life spans as compared to foundations or super structures, will employ the use of more
bio-materials in the future. The design of the straw filled shell is hopefully the first of many different
configurations of new bio-based materials in commercial building skins. Many other agricultural residues
and other waste streams of biological composition exist and may find application in future systems, but with
further testing, the straw filled shell system could be the first to be put into practice.
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Appendix A - Global Straw Generation Data
Original Source of crop data; FAO Stat, 2002.
Mt=metric tons
Read crop data down in columns (e.g. India produces 84,243,529 Mt of wheat straw annually).
Data for Rye and Oat straw is presented starting on page 121.
Wheat IRice Bre
Total 711,431,317 Total 578,845,805 Ttl15,760,816
Russian
China 129,607,792 China 190,681,482 Federation 13,493,425
India 84,243,529 India 126,792,709 Germany 11,728,105
United
States of
America 75,231,860 Indonesia 49,177,166 Canada 11,593,188
Russian
Federation 44,048,580 Bangladesh 33,017,991 France 8,950,570
France 43,141,440 Viet Nam 29,825,762 Spain 8,012,200
Canada 29,612,064 Thailand 23,771,557 Turkey 7,126,809
Australia 26,796,960 Myanmar 18,730,115 Ukraine 6,627,120
United
Germany 24,996,544 Japan 11,417,081 Kingdom 6,175,966
United States
Turkey 22,716,000 Philippines 11,137,456 of America 6,130,546
Pakistan 22,376,064 Brazil 9,596,782 Australia 5,735,728
United States
Ukraine 18,820,512 of America 8,669,021 Denmark 3,465,383
Korea,
Argentina 18,488,589 Republic of 6,954,959 China 3,177,113
United
Kingdom 17,671,200 Pakistan 6,883,348 Poland 3,067,594
Iran, Islamic
Kazakhstan 11,262,396 Egypt 5,372,218 Rep of 1,963,808
Czech
Iran 11,102,580 Nepal 3,773,478 Republic 1,869,646
Poland 10,722,345 Cambodia 3,733,311 Kazakhstan 1,792,479
Italy 8,833,565 Nigeria 3,210,240 Sweden 1,604,560
Egypt 7,465,814 Sri Lanka 2,645,223 Finland 1,562,160
Romania 6,823,210 Madagascar 2,393,991 Belarus 1,531,163
Spain 6,611,734 Iran 2,276,345 India 1,376,773
Denmark 5,653,739 Malaysia 2,055,386 Romania 1,175,101
Hungary 5,199,447 Colombia 2,015,343 Morocco 1,152,968
Czech Korea, Dem
Republic 4,834,348 People's Rep 1,941,319 Italy 1,140,382
Syrian Arab
Republic 4,244,239 Laos 1,924,406 Hungary 1,060,554
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Uzbekistan 4,051,176 Peru 1,735,407 Ireland 1,054,154
Mexico 4,004,005 Australia 1,317,577 Austria 990,396
Bulgaria 3,837,648 Italy 1,304,423 Ethiopia 895,336
Morocco 3,250,942 Ecuador 1,199,909 Lithuania 892,926
Afghanistan 3,217,600 Argentina 1,101,679 Bulgaria 664,858
Yugoslavia,
Fed Rep of 3,102,480 C6te d'Ivoire 1,092,076 Slovakia 640,349
Brazil 2,900,502 Uruguay 1,083,593 Argentina 611,795
Sweden 2,574,216 Spain 802,245 Norway 567,194
South Africa 2,476,246 Guinea 776,278 Iraq 547,050
Venezuela,
Greece 2,371,597 Boliv Rep of 702,722 Mexico 508,398
Syrian Arab
Saudi Arabia 2,201,976 Mali 700,615 Republic 484,352
Tanzania,
Bangladesh 2,180,380 United Rep of 565,116 Algeria 372,431
Belgium- Dominican Belgium-
Luxembourg 1,956,870 Republic 553,212 Luxembourg 363,231
Slovakia 1,922,600 Guyana 543,644 New Zealand 298,243
Russian
Chile 1,878,822 Federation 443,508 Tunisia 283,845
Algeria 1,716,450 Mexico 377,809 Netherlands 281,825
Yugoslavia,
Austria 1,663,575 Afghanistan 368,296 Fed Rep of 273,404
Ethiopia 1,602,754 Cuba 337,100 Greece 269,181
Congo, Dem Korea,
Kyrgyzstan 1,425,732 Republic of 332,167 Republic of 262,562
Turkmenistan 1,393,896 Turkey 319,538 Brazil 260,863
Tunisia 1,390,421 Uzbekistan 291,124 Switzerland 260,138
Nepal 1,320,152 Costa Rica 278,708 Latvia 258,254
Azerbaijan,
Republic of 1,277,464 Bolivia 272,770 Estonia 252,982
Netherlands 1,243,848 Sierra Leone 270,867 Afghanistan 212,301
Lithuania 1,216,056 Nicaragua 250,466 Saudi Arabia 208,787
Moldova, Moldova,
Republic of 1,154,051 Panama 236,352 Republic of 199,853
I ra 1,043,520 Kazakhstan 235,648 Japan 176,149
Croatia 1,018,622 Ghana 214,691 Uruguay 173,587
Belarus 946,008 Iraq 192,427 Kyrgyzstan 166,604
Azerbaijan,
Ireland 830,592 Senegal 184,134 Republic of 154,877
Japan 747,456 Liberia 183,998 Peru 151,476
Switzerland 677,640 Suriname 178,034 South Africa 137,666
Finland 514,176 Greece 174,391 Croatia 122,649
Uruguay 503,208 Mozambique 171,255 Pakistan 120,885
Sudan 486,720 Portugal 150,965 Macedonia 106,330
Latvia 474,143 Haiti 116,223 Egypt 104,873
Tajikistan 413,846 France 110,355 Uzbekistan 81,065
Albania 411,710 Paraguay 108,332 Chile 72,720
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New Korea, Dem
Zealand 390,984 Chile 103,888 People's Rep 67,587
Macedonia 372,754 Chad 95,636 Cyprus 64,105
Bosnia and Libyan Arab
Herzgovina 358,488 Uganda 95,431 Jamahiriya 61,724
Norway 356,387 Burkina Faso 92,966 Bolivia 56,225
Guinea-
Zimbabwe 336,000 Bissau 92,212 Armenia 51,856
Bosnia and
Portugal 319,027 Malawi 82,750 Herzegovina 51,508
Armenia 265,860 Togo 82,194 Kenya 47,347
Paraguay 263,827 Mauritania 76,447 Yemen 41,687
Georgia 253,874 Ukraine 74,683 Slovenia 34,584
Kenya 249,840 Niger 62,513 Eritrea 31,581
Mongolia 214,397 Cameroon 58,211 Nepal 30,440
Peru 196,596 Burundi 54,233 Ecuador 29,769
Slovenia 180,484 Kenya 53,635 Georgia 29,138
Yemen 172,695 El Salvador 50,711 Lebanon 25,385
Libyan Arab
Jamahiriya 163,536 Bhutan 48,889 Portugal 23,529
Bolivia 160,453 Guatemala 37,445 Turkmenistan 21,362
Estonia 142,942 Benin 37,157 Tajikistan 20,015
Israel 132,864 Tajikistan 32,746 Jordan 19,429
Korea, Dem
People's
Rep 127,056 Morocco 29,791 Colombia 11,532
Tanzania,
United Rep
of 120,576 Turkmenistan 26,439 Zimbabwe 7,578
Myanmar 119,220 Gambia 25,540 Bangladesh 4,876
French Tanzania,
Nigeria 113,040 Guiana 22,650 United Rep of 4,601
Zambia 89,875 Macedonia 21,709 Bhutan 4,511
Lebanon 70,815 Honduras 20,538 Qatar 4,126
Central
African
Colombia 51,648 Republic 20,514 Albania 3,047
Azerbaijan,
Lesotho 43,166 Republic of 17,702 Israel 2,959
Western
Eritrea 34,459 Angola 17,502 Sahara 2,436
Jordan 34,185 Comoros 16,622 Thailand 1,858
Bhutan 24,000 Fiji Islands 13,658 Kuwait 1,752
Ecuador 22,956 Timor-Leste 13,475 Zambia 1,714
Guatemala 15,583 Kyrgyzstan 12,766 Mongolia 1,702
Cyprus 13,680 Belize 12,045 Malta 1,636
Uganda 13,200 Rwanda 10,950 Guatemala 1,134
Gaza Strip
Niger 12,207 Zambia 10,248 (Palestine) 361
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Congo, Dem Congo, Dem
Republic of 11,752 Bulgaria 8,919 Republic of 271
Malta 11,086 Hungary 8,080 Mauritania 271
Trinidad and
Madagascr 10,320 Tobago 6,900 Lesotho 253
Burundi 9,928 Romania 5,947
Mali 7,764 Sudan 5,671
Solomon
Rwanda 6,830 Islands 3,012
Angola 5,568 South Africa 2,914
Korea,
Republic of 5,563 Somalia 1,956
Congo,
Namibia 5,234 Republic of 1,151
Chad 4,154 Gabon 860
Papua New
Malawi 2,076 Guinea 636
Brunei
Mozambique 1,920 Darussalam 457
Oman 1,265 Zimbabwe 391
Honduras 1,200 Algeria 293
Somalia 1,008 Swaziland 187
Micronesia,
Thailand 924 Fed States of 88
Botswana 696 Reunion 78
Venezuela,
Boliv Rep of 636 Jamaica 25
Gaza Strip
(Palestine) 600
Kuwait 512
Cameroon 480
Mauritania 480
United Arab
Emirates 440
Swaziland 372
Qatar 148
New
Caledonia 36
I-
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Rye Oats
Total 44,511,187 Total 32,547,893
Russian Russian
Federation 11,079,158 Federation 7,789,543
Poland 10,313,480 Canada 4,138,104
United States
Germany 9,483,243 of America 2,598,192
Belarus 2,813,966 Australia 1,707,840
Ukraine 2,417,102 Poland 1,665,090
China 1,430,949 Germany 1,546,268
Denmark 761,318 Finland 1,418,040
Canada 645,531 Sweden 1,338,576
Lithuania 629,157 Ukraine 1,099,272
Turkey 497,829 China 853,440
United States
of America 487,930 Spain 813,130
United
Austria 435,315 Kingdom 709,680
Czech
Republic 422,438 France 699,624
Spain 393,471 Belarus 667,848
France 346,631 Argentina 640,426
Sweden 323,465 Norway 454,741
Hungary 234,446 Romania 441,870
Latvia 224,606 Italy 394,255
Argentina 196,392 Turkey 346,080
Slovakia 178,051 Chile 333,708
Korea, Dem
People's Rep 143,177 Brazil 274,003
Finland 120,219 Kazakhstan 237,374
Czech
Estonia 109,837 Republic 214,124
United
Kingdom 86,400 Denmark 197,685
Portugal 83,706 Austria 179,619
Kazakhstan 80,854 Hungary 167,473
Greece 67,120 Ireland 152,520
Yugoslavia,
Bulgaria 54,065 Fed Rep of 140,020
Egypt 51,840 Mexico 121,593
Netherlands 50,894 Estonia 116,533
Romania 46,653 Latvia 109,461
Switzerland 44,928 Lithuania 107,736
Australia 42,789 Greece 101,088
Italy 29,270 Portugal 79,285
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Yugoslavia, Bosnia and
Fed Rep of 24,190 Herzegovina 71,483
Bosnia and
Herzegovina 20,836 Ethiopia 69,315
Macedonia 20,383 Bulgaria 62,440
Norway 19,589 Croatia 61,855
Belgium-
Brazil 16,543 Luxembourg 54,121
Belgium-
Luxembourg 15,422 Uruguay 51,840
Croatia 12,913 Slovakia 49,357
Moldova,
Republic of 9,069 New Zealand 49,008
Uzbekistan 8,846 Switzerland 39,168
Chile 7,003 Algeria 31,196
Albania 6,719 South Africa 30,648
South Africa 6,254 Morocco 24,985
Slovenia 5,535 Albania 16,480
Morocco 4,937 Netherlands 15,048
Korea, Dem
Kyrgyzstan 1,764 People's Rep 12,480
Tajikistan 960 Peru 7,980
Azerbaijan, Moldova,
Republic of 910 Republic of 6,789
Ireland 823 Slovenia 6,149
Peru 717 Bolivia 5,484
Georgia 567 Georgia 4,818
Armenia 404 Kenya 4,392
Bolivia 401 Macedonia 4,139
Ecuador 140 Kyrgyzstan 3,694
Korea,
Republic of 35 Japan 2,160
Tunisia 1,200
Tajikistan 1,065
Armenia 1,035
Ecuador 1,021
SIraq 624
Azerbaijan,
Republic of 615
Lebanon 609
Lesotho 588
Israel 480
Zimbabwe 480
Syrian Arab
Republic 477
Cyprus 403
Ghana 24
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Appendix B - Prior straw bale R value tests
Original Source: Commins and Stone, "Tested R-value for Straw Bale Walls and Performance Modeling for
Straw Bale Homes," 1998 ACEEE Summer Study on Energy Efficiency in Buildings Proceedings.133
Tester ORNL CEC CEC ORNL
Test procedure Hot box, full wall Approved values Hot box, full wall Hot box, full wall
Test date Oct. 1996 Dec. 1996 May 1997 Feb. 1998
Type of straw Wheat Any Rice Wheat
Type of bale 2-string, 18 in 3-string, 23 in 3-string, 23 in 2-string, 19 in
Moisture content Not listed 20% 11% 13%
Density lb/ft3  Not listed 7 6.7 8.0
R-value/ in .94 .56-.91 1.13 1.45
R-value 17 13-21 26 27.5
Tester Joe McCabe Sandia Lab
Test procedure Hot plate, single bale Thermal probe, single bale
Test date 1993 1994
Type of straw Wheat Not listed
Type of bale 3-string, 23 in 2-string, 18 in
Moisture content 8.4% Not listed
Density lb/ft3  8.3 5.2
R-value/ in 2.38 2.67
R-value 55 48
133 Table found inj: James, 1999.
Additionally, Environmental Building News, 1998, points out that:
The wide variation in tested R-values that may result from gaps or moisture intrusion also indicates how important proper
installation is with straw-bale construction.
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Appendix C - Equations used for R value calculation
In order to determine thermal resistivity for the wall prototypes, heat flux must be known. Heat flux through
a building material is defined in units of energy per time per area, commonly given in units of Watts/meter2,
If the temperature gradient on both surfaces of a wall assembly and the heat flux across that assembly,
herein after termed Qcond, are known, at steady state flow we can establish a value for overall conductivity,
k, (the inverse of resistivity) using formula
kA(T2 - Eq. 2Ax
where T2-Ti is the temperature gradient, A is area, and Ax is the wall thickness measured in meters. The
test therefore attempted to create conditions of measurable steady state heat flow. Qcond can be
determined directly with a Heat Flux Meter, or indirectly with the measured temperature values for the test
set up by calculating based on Equation 3. Energy must always be conserved, so at the inner surface of
the test wall, with an assumed positive value for Qcond, the heat balance formula is given as:
Qcond= Qc + Qr Eq. 3
Where Qc is convective heat flow and Qr is radiant heat flow. For reasons of cost, familiarity with the
sensor equipment, and a desire to know temperature values throughout the test, the indirect method was
chosen. The indirect method takes temperature measurements on the six surfaces and in the air of the test
box, From these measurements, radiant and convective heat flow to any surface can be determined
theoretically.
Establishing Qr (radiant heat transfer)134
Because there are no windows in the test chamber, we are only concerned with long-wave radiation. The
net long-wave radiation exchange between two surfaces (Q1,2) with areas A1 and A2 and temperatures T1
and T2 (in Kelvin) is described by:
134 Most of this testing methodology comes from the paper Heat flows in a full scale room exposed to natural climate by Petter
Wallenten, 1998.
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4 4Q1,2 = egF12 o(T -_T4) Eq. 4
Here a is the Stefan-Boltzmann constant (5.67 10-8 W/m2K4), F12 is a factor that describes the geometry of
the room, and seff is the efficient emissivity between the surfaces135. The long-wave radiation from surface
1 to surface 2, for diffuse grey surfaces, is
4 Cros 0Cos 0Q,_+ = o-eTj J 2= 1 2 dAdA Eq. 5
A, A2
or with the view factor F 2 :
Q,_Q = oe1,4AF_>2  Eq. 6
where
F + cosOcos2dAdA Eq.7
AI A, A2
From the definition of F- 2 it follows that:
AF _j = A;iFi_, Eq. 8
The long-wave radiation exchange in a small room with diffuse grey surfaces is described by:
Q, = A,(G, - J,) Eq. 9
where Q, is the net radiant heat flow to surface i, A, is the area of the surface, Gis the total
incoming radiation (per unit area), and J, is the total radiation leaving the surface The radiosity, J,, is the
sum of reflected and emitted radiation:
J, = o-VT4 +(1- ,)G, Eq. 10
The total incoming radiation (G,) is the sum of J, for all six (N = 6) surfaces of the test chamber:
N
AG, = ZAF J. Eq. 11
J=1
135 Ibid, but also see ASHRAE Fundamentals, 2001, pg 3.9.
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Using equation 5 above, the previous equation becomes:
N
AiG, = AiZ Ai .J ;
j=1
Substituting into the above equations, this allows us to create a system of N equations:
Eq. 13
This simplifies to:
N
C.,, 4 = ,i
J/=1
iS -i19i-=j
- (1 - C)j-.)
Eq. 14
3,_ S = Oi j
Assuming no surface sees itself, 1-, = 0, a linear system is produced:
Ti= ri4 Fi->; =->; - (1-Ei)Fi-> Ji=Ji
T = FJ
With the solution:
J = F-'T
Knowing the J's then allows us to calculate Qi and hence the net radiant flow to or away from the inner
surface of the test wall.
Q,= A, / (J, - T7)1- C,
Eq. 17
In order to calculate the radiant heat flow to the inner surface of the test wall, the emissivities of the room
surfaces ands the angle view factors, F,,, must be known .
Eq. 12
Eq. 15
Eq. 16
J, = 07-V,T4 + (1 -s,)j 15_,,J,
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The test wall inner surface and rear surface of the test chamber are cardboard, with emissivity of
approximately 0.9.136 The other 4 surfaces are all plywood painted matte white and can be reasonably
expected to have an emissivity of about 0.9.137
The test chamber room measures 2'-'0" wide, 2'-0" deep by 4'-0" tall, and shares a common 2x6 wall with
Using Figure 59 the view factors are determined for the test set up.
a ..... ..
00 ...... .t
PERPENDICUtAR RCTANGLES Wri COMMON EDE
RAT:O 0/2
Figure 59 - Fij for various configurations. 138
Angle view factor values for the MIT test chamber with SBU wall are shown in table 16.
136 Department of Energy, 2003, Energy Plus data set.
137 ASHRAE Fundamentals, 2001, Table 3.3, pg 3.8.
138 lbid, pg 3.6 - 3.10.
the exterior shell of the building.
2C
().: I-
0 E0.1
0 M.l X/D1
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Table 16 - Fij's values for MIT test chamber, rows = i, columns = j.139
i1j 1 2 3 4 5 6
1 0 0.24 0.28 0.24 0.12 0.12
2 0.24 0 0.24 0.28 0.12 0.12
3 0.28 0.24 0 0.24 0.12 0.12
4 0.24 0.28 0.24 0 0.12 0.12
5 0.24 0.24 0.24 0.24 0 0.04
6 0.24 0.24 0.24 0.24 0.04 0
Establishing Qc (convective heat transfer)
In order to complete the right hand side of equation 3, Qc needs to be determined. Heat transfer involving
motion in a fluid due to the difference in density and the action of gravity is called natural or free
convection.140 Calculating the convective heat transfer is very complicated with the most detailed approach
being to solve the Navier-Stoke's equations, which describe the mechanical and thermodynamic behavior
of a fluid. These equations are physically correct for laminar flow, but approximations must be used for
turbulent flow. A simpler approach is to use a heat transfer coefficient, h , which describes the heat
transfer from a representative air temperature, T,, to the surface temperature T, and is function of
surface height, H .
Q, = h(T,, T, H)AT Eq. 18
Numerous experiments have been performed to evaluate values for h ,the lowest being Churchill and
Chu's:
h(H) = 1.34(AT /H) 4 ; AT/H 3 <9.5m 3K
1.33AT 3 -0.474/ H; AT / H3 > 9.5m3K
Eq. 19
Eq. 20
The highest value for h is referred to as Min's:
139 Fi; Calculations can be found in Appendix D.
140 Wallenten,1998, pg 30-34.
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h(H) = 2 AT0 32  Eq. 21H 00
T is in Kelvin, H is in meters. In the test chamber H is 48 inches or 1.2192 meters.
Using Equation 3, Qond can be found. From Qond, thermal resistance can be found using equation 2 and
knowing that resistance is the inverse of conductivity. Resistance is therefore:
R = AEq. 22
QCod AX
Where T2-Ti is the temperature gradient across the prototype wall, A is the area of the wall, and delta x is
the thickness of the wall.
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Appendix D - Fij Calculations
To
Front
.eft
Bottom
Right
Back
Figure 60 - Test box and cardboard prototype wall.
The test box measures 24" x 24" x 48". Surfaces are numbered as follows:
Back = 1
Left = 2
Front = 3
Right = 4
Top = 5
Bottom = 6
Y JAi
F. = 0
6
L F =1j=1
A = A2 = A3 = A4 = 24x 48=1152in2
A5 = A6 = 24x 24 = 576in2
See Figure 59, Appendix C to get value for F2:
y = 24 in., x = 48 in., z = 24 in.
= F Aj
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l z 1 x _
- -=--> F =F=1;-=2-)-F =0.28
x 2x 2 12 14 D D 13
F5 F6 (1 - (2 x 0.24 + 0.28)) 0.12
16= 2
There is a lot of symmetry we can make use of.
F2 =F23 = 0.24
F = 0.28
2 =F26 =F =0.12
F = F;1 -0.28
F2 =F4 = 0.24
F =F F - =0.12
F,= F = F,' = 0.24
51 A
F, =F 2 =JF,=F4 =0.24
F =1-4x0.24=0.04
F 1 6 1 - 24A6
F =1-4x0.24=0.04
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Appendix E - MATLAB code for calculating thermal resistance
from test temperatures
cc %clear all, close all
format compact;
Fv =
[0,.24,.28,.24,.12,.12;.24,0,.24,.28,.12,.12;.28,.24,0,.24,.12,.12;.24,.28,.24,0,.12,.12;.24,.24,.24,.24,0,.04;.24
,.24,.24,.24,.04,0];
delta = [1,0,0,0,0,0;0,1,0,0,0,0;0,0,1,0,0,0;0,0,0,1,0,0;0,0,0,0,1,0;0,0,0,0,0,1];
e=[.9;.9;.9;.9;.9;.9];
wallarea=8*.3048A2;
toparea=4*.3048A2;
A=[wallarea;wallarea;wallarea;wallarea;toparea;toparea];
g=(1 -e);
G=diag(g);
F=delta-G*Fv
a=load('WoodData.txt');
j=length(a);
i=1;
T1 =a(:, 1); T2=a(:,2); T3=a(:,3); T4=a(:,4); T5=a(:,5); T6=a(:,6); Tair=a(:,7); Tout=a(:,8);Troom=a(:,9);
T1 F=1.8*(T1-273.15)+32;
T2F=1.8*(T2-273.15)+32;
T3F=1.8*(T3-273.15)+32;
T4F=1.8*(T4-273.15)+32;
T5F=1.8*(T5-273.15)+32;
T6F=1.8*(T6-273.15)+32;
TairF=1.8*(Tair-273.15)+32;
ToutF=1.8*(Tout-273.15)+32;
TroomF=1.8*(Troom-273.15)+32;
S=5.67E-8;
Tis=S*e(1,1)*T1.^4; T2s=S*e(2,1)*T2.^4; T3s=S*e(3,1)*T3.^4; T4s=S*e(4,1)*T4. 4; T5s=S*e(5,1)*T5.^4;
T6s=S*e(6,1)*T6.^4;
H = 4*.3048;
X = 1*.3048;
DTh=zeros(j,1);
khigh = zeros(j,1);
klow = zeros(j,1);
Qrad3 = zerosj,i);
Qh3low = zeros(j,i);
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Qh3high = zeros(j,i);
time=zeros(j,1);
J3= zerosj,1);
while i <= j,
%radiation
time(i)=16*(i-1)/3600; %time in hours
T = [T1 s(i, 1);T2s(i, 1);T3s(i, 1);T4s(i, 1);T5s(i, 1);T6s(i,1)];
J=inv(F)*T;
J3(i,1)=J(3,1);
Qrad3(i, 1) = A(3, 1)*(e(3, 1)/(1 -e(3, 1)))*(J(3,1 )-S*T3(i, 1).A4);
%convection
DTh(i, 1)=(Tair(i, 1)-T3(i, 1));
if DTh>O
if DTh(i,1)/(HA3)< 9.5
hclow = 1.34*(DTh(i,1)/H)A.25;
else
hclow = 1.33*(DTh(i,1)A(1/3))-.474/H;
end
hchigh = 2*(DTh(i,1)AO.32)/(HAO.04);
Qh3low(i,1) = hclow*DTh(i,1);
Qh3high(i,1) = hchigh*DTh(i,1);
else
if abs(DTh(i,1))/(HA3)< 9.5
hclow = 1.34*abs((DTh(i,1))/H)A .25;
else
hclow = 1.33*abs((DTh(i,1))A(1/3))-.474/H;
end
hchigh = 2*(abs(DTh(i,1 ))AO .32)/(HAO .04);
Qh3low(i,1) = hclow*DTh(i,1);
Qh3high(i,1) = hchigh*DTh(i,1);
end
%conduction
Qcondlow = Qh3low + Qrad3;
Qcondhigh = Qh3high + Qrad3;
DTcond = T3(i,1)-Tout(i,1);
khigh(i,1) = Qcondlow(i,1)*X/(A(3,1)*DTcond);
klow(i,1) = Qcondhigh(i,1)*X/(A(3,1)*DTcond);
i=l+1;
end
%Now, to get into IP mode, (BTU/h*ft*F):
khighlP=khigh/1.731;
klowlP=klow/1.731;
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% Rvalue for entire wall = 1/k:
Rlow=1./khighlP;
Rhigh=1./klowIP;
figure
plot(time, Rlow,'x');
%axis([0,j,-1 00,500]);
title('Calcuated R value for Test Wall - 12 wide wood shell');
ylabel('R-value (h*ft*F/BTU)')
xlabel('hours')
axis([0,8,-20,200]);
%plot(Rhigh, 'r');
gz; %grid & zoom
figure
subplot(2,2,1)
plot(time,Qh3high)
gz
title('Convective heat flow to test surface')
ylabel('W/mA2')
xlabel('hours')
axis([0,8,-10,30]);
subplot(2,2,2)
plot(time, Qrad3)
gz
title('Radiant heat flow to test surface')
ylabel('W/mA2')
xlabel('hours')
axis([0,8,-10,30]);
subplot(2,2,3)
plot(time,Qcondhigh)
gz
title('Conduction through test surface')
ylabel('W/mA2')
xlabel('hours')
axis([0,8,-10,30]);
figure
subplot(3,3,1), plot(time,T1F)
ylabel('*F')
xlabel('Hours')
title('T1 (back)')
axis([0,8,40, 100])
gz
subplot(3,3,2), plot(time,T2F)
ylabel('*F')
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xlabel('Hours')
title('T2 (left)')
axis([0,8,40,100])
gz
subplot(3,3,3), plot(time,T3F)
ylabel('*F')
xlabel('Hours')
title('T3 (test surface-front)')
axis([0,8,40,100])
gz
subplot(3,3,4), plot(time,T4F)
ylabel('*F')
xlabel('Hours')
axis([0,8,40,100])
title('T4 (right)')
gz
subplot(3,3,5), plot(time,T5F)
ylabel('*F')
xlabel('Hours')
title('T5 (top)')
axis([0,8,40, 100])
gz
subplot(3,3,6), plot(time,T6F)
ylabel('*F')
xlabel('Hours')
axis([0,8,40, 100])
title('T6 (bottom)')
gz
subplot(3,3,7), plot(time, TairF)
ylabel('*F')
xlabel('Hours')
axis([0,8,40,100])
title('Tair')
gz
subplot(3,3,8), plot(time, ToutF)
ylabel('*F')
xlabel('Hours')
title('Tout')
axis([0,8,40,100])
gz
subplot(3,3,9), plot(time, TroomF)
ylabel('*F')
xlabel('Hours')
axis([0,8,40, 100])
title('Troom')
gz
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Appendix F - Calculated Heat Flows and R value from testing.
First the heat flows are presented as calculated by the MATLAB code in Appendix E.
Convective heat flow to test surface
30 1
2 4 6 8
hours
Radiant heat flow to test surface
10k
5
-10
0 2 4 6 8
hours
Conduction through test surface
2 4 6 8
hours
Figure 61 - Heat flows through test surface, cardboard prototype.
-10L
0
-5
-101
0
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Next the R value is calculations are given.
Calcuated R value for Test Wall - 12" wide cardboard shell
.. .. . . . ....... . ... . .
-
X *2Xx
X'
... .. ... .. .
200
180
160
140
- 120
100
80
( 60
40
20
0
-20
0
X
X INK
Ux
n3
5 6 7
Figure 62 - Calculated R value of Cardboard Prototype.
For a 12" cardboard shell, the R value settles down to beween R 25 and R 60. This is R 2.1 - R 5.0 per
inch
2 3 4
hours
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Here the flows for the 12" wide wood prototype are given
Convective heat flow to test surface
10 1
-100 2 4 6 8
hours
Radiant heat flow to test surface
0 2 4 6 8
hours
Conduction through test surface
-10 L '0 2 4
hours
Figure 63 - Heat flow through test surface, 12" wide wood prototype.
6 8
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Here the calculated R value for the total 12" wood prototype are given.
Figure 64 - Calculated R value for 12" wide wood prototype
For this 12" prototype, the calculated R value settles down to R 100 - 180, corresponding to an R value per
inch of 8.3 - 15.
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Here the heat flows for the 5" wide wood prototype are given.
Convective heat flow to test surface
0 2 4 6 8
hours
Radiant heat flow to test surface
30 111 1
10' ' '1_____
0 2 4 6 8
hours
Conduction through test surface
30 11 1 1 1
- 10 1 ii0 2 4
hours
6 8
Figure 65 - Heat flows through test surface of 5" wide wood prototype.
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Here the calculated R value for the 5" wide wood prototype is given.
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Figure 66 - Calculated R value for 5" wood prototype.
For this 5" prototype, the calculated R value settles down to R 60 - 140, corresponding to an R value per
inch of 12 - 30.
The results for R value in the tests are difficult to understand for a couple of reasons. First off, the data for
heat flow is not a smooth curve, but rather a jagged one. This is the result of inaccuracies in the data. The
model of HOBO logger used did not allow for multiple loggers to be started concurrently, so the data was
matched up in Excel. The time accuracy of these results is no greater than 8 seconds (half of the time-
step). As a result, the exact time of a change in surface temperature may not be correct, so, when
calculating convective and radiant flow at each time step, MATLAB is not always using the correct
temperature values. Additionally, in the temperature ranges experienced in the test, the HOBO logger can
0-
-20
0
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have an error for temperature of approximately 0.750C (1.350F)141, Since the heat flow calculations are
based on temperature differences which are in this range of magnitude, the error could theoretically be
close to 100%.
The results from the above three tests indicate that the R value for the test prototypes all trend to a steady
state value, but the accuracy of the calculations prevent it from being known to beyond one significant
figure. This is evident in the graphs for R value as they all definitely trend to a region on the graph,
although the range of this region can be quite high. This is wide variation in steady state response is due to
the fact that any steady state heat flow for an impulse response through a wall tends to zero. When looking
at the data for the steady state R value, one must look at the end of the test, but when calculating R, Qcond
is in the denominator so when it is close to zero it accuracy must be known beyond one significant figure.
When dividing by a number less then 1, the sensitivity to significant digits is great, and therefore the range
of R is large. Qcond in these tests at steady state ranges between 1 and 0, and the accuracy of this number
is no better than the range itself.
Only the cardboard prototype showed R values close to what we expected. The others were all an order
of magnitude higher. This is probably a result of the test being run on the coldest night which drove the
heat flow through the wall at a faster rate. This situation corresponds to a higher steady state heat flow.
Based on the above problems, the steady state R value for the test prototypes can not be given with any
real certainty. Therefore other methods of determining R value should be used in future tests.
141 This assumes all error factors are contributing simultaneously. These errors include: thermistor error, resistor value errors,
and quantization error (step errors in the digital representation of the temperature). In a typical logger all errors will be
substantially lower.
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